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Preface 


In  (he  predicted  combat  environment  for  future  single-seat  fighter  uircruft,  It  is  expected  that  the  pilot  will  he  exposed  to  u  high 
mental  workload  and  physiological  stresses  which  may  Induce  total  or  partial  incapacitation.  It  is  envisaged  that  support 
systems  will  be  required  to  enable  the  pilot  to  funetion  effectively  In  this  environment. 

Il  has  been  reported  that  O-indueed  loss  of  consciousness  (G-LOC)  has  led  to  the  loss  of  aircraft  and  aircrew,  Furthermore,  it  is 
believed  that  combat  effectiveness  has  been  reduced  hy  pilot  performance  degradation,  caused  by  the  high  workloads  Imposed 
by  manipulating  the  aircraft  systems,  The  "Safety  Net"  concept,  purports  that  a  system  could  he  devised  which  can  initiate  a 
temporary  override  in  pilot  authority  until  such  a  time  as  the  pilot  is  able  to  resume  full  control  of  his  Aircraft. 

The  development  of  such  a  system,  rests  upon  the  premise  that  real  time  measures,  which  can  indicate  the  onset  of  G-I.OC  or 
performance  degradation,  cun  be  derived  and  used  as  inputs  to  sueh  a  safely  net  system. 

The  Aerospace  Medical  Hand  (AMP)  of  AGARD  considered  it  to  he  timely  to  review  the  current  status  of  the  relevant  research 
and  technology,  and  to  provide  it  platform  for  the  discussion  of  the  pertinent  issues  which  might  affect  the  development  of  such 
systems. 
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L'cnvironncmcnt  de  combat  du  lutur  chasseur  monoplace  imposerti  au  pilotc  une  charge  de  travail  imelleetuel  elevee  ainsi 
i|u'un  stress  physiologique  pouvum  conduirc  a  I'incapacitc  pat  idle  ou  totale  de  ce  dernier.  Des  sytemes  de  soutien  soni 
envisages  pour  permettre  au  pilotc  de  poursuivre  sa  mission  de  faeon  efficace  dans  ces  conditions. 

Des  cas  ont  etc  signales  ou  la  perte  de  connuissance  sous  I'effet  de  I'accclcration  de  la  pesanteur  (G-LOC)  a  cause  la  perte  de 
1’appareil  et  de  son  equipage.  F.n  outre,  il  y  a  lieu  de  eroire  que  I'efficacite  operationnelle  est  reduite,  en  raison  de  la 
deterioration  des  performances  des  pilules  due  aux  elnuges  de  travail  elevees  imposces  par  la  manipulation  des  systemes 
avioniques.  La  notion  d'un  "rescau  de  seenrite"  implique  la  realisation  d'un  systeme  qui  permettrait  le  surpassement  provisoire 
de  I'autorile  du  pilotc  jusqu'uu  moment  ou  celui-ci  serait  en  mesure  de  reprendre  les  commandos  de  son  appareil. 

Le  developpement  d'un  tel  systeme  repose  sur  la  supposition  scion  luqucllo  des  mesures  en  temps  reel,  susceptible*  d'indiquer 
la  montoe  en  G  ou  la  deterioration  des  performances,  peuvent  etre  deduites  et  utilisecs  par  la  suite  pour  nlimemcr  un  tel  rescau 
dosecurite. 


I.e  Panel  AGARD  de  Medecine  Aerospatiale  a  juge  opportun  U'cxamincr  I'etat  d'avancement  des  travaux  de  recherche  dans  ee 
domaine  ainsi  que  les  technologies  disponibles.  afin  de  ereer  un  forum  pour  la  discussion  des  questions  qui  pourraient 
influcncer  le  developpement  dc  ces  systemes. 
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THE, SAFETY  NETWORK  IN  AN  OPERATIONAL  ENVIRONMENT 


Sqn  Ldr  T  R  Adoook  MRAeS  RAP 
Royal  Alp  Force  Institute  of  Aviation  Medicine 
Earn borough 
United  Kingdom 

INTRODUCTION 

I  believe  It  sensible  to  begin  this  address  by  outlining  my  professional  credentials, 
since  I  am  unknown  to  the  majority  of  those  present  here  today.  Currently,  1  am 
serving  at  the  Royal  Air  Force  Institute  of  Aviation  Medicine  as  a  Test  pilot,  My 
front  line  flying  background  has  been  as  an  air  defence  pilot,  flying  both  single  and  2 
seat  aircraft,  with  a  total  of  9  years  experience.  My  main  specialist  role  has  been  as 
a  military  test  pilot  and,  currently,  I  have  10  years  experience.  During  my  flying 
career  I  have  flown  31  aircraft  types  and  achieved  a  total  of  5300  hours,  mainly  on 
fast  Jet  aircraft. 

Turning  to  the  subject  of  the  symposium,  It  will,  I  am  sure,  come  as  no  surprise  to  you 
that  the  Initial  response  of  the  majority  of  military  pilots  to  the  concept  of  the 
Safety  Network  is  virtually  guaranteed  to  be  negative.  Military  pilots  are  deeply 
sceptical  with  regard  to  the  reliable,  correct  and  safe  operation  of  such  advanced 
systems;  particularly  once  they  are  removed  from  the  flight  test  environment  and  are 
exposed  to  the  rigours  of  front  line  operations.  For  instance,  many  pilots  have 
experienced  some  very  unpleasant  situations  resulting  from  aircraft  autostablllsatlon 
system  malfunctions.  Such  systems  are  deliberately  designed  with  a  very  limited 
control  authority,  so  a  full  authority  system  has  the  potential  to  seriously  spoil  a 
pilot's  day. 

Anticipated  advances  with  performance  degradation  and  inoapaoltatlon  sensing  systems 
coupled  with  modern  aircraft  flight  control  systems  will  undoubtedly  provide  the  means 
to  develop  a  workable  safety  network  syatem.  But  the  average  military  pilot  will 
require  a  great  deal  of  oonvlnaing  that  the  advantagea  of  the  system  will  significantly 
outweigh  the  disadvantages  that  are  likely  to  be  present. 

I  will  now  briefly  discuss  specific  Items  that  I  consider  to  be  relevant  to  ray 
thoughts.  I  emphasise  that  I  am  remaining  strictly  within  the  scope  of  the  operational 
flying  environment  and  am  making  no  attempt  to  consider  the  riylng  training 
environment. 

CONSIDERATION  OF  OPERATING!  ENVIRONMENT 

Essentially,  operational  military  aircraft  fly  within  2  environments,  peacetime  and 
wartime.  The  lessons  of  history  clearly  show  that  the  realities  of  combat  rarely  match 
our  anticipations.  Aircrew  Inevitably  have  to  operate  their  aircraft  In  a  totally 
different  manner  to  their  previous  peacetime  operational  training  experiences. 
Therefore.  I  have  some  doubts  regarding  the  role  of  a  safety  network  system  during 
operational  wartime  sorties.  Any  system  that  uses  alrcrart  parameter  cues,  such  as  low 
aircraft  height  or  the  exceeding  of  aircraft  speed  limits,  as  part  of  the  triggering 
sequence  will  be  obsolete  on  Day  1  of  a  war.  Assuming  pilot  incapacitation,  what 
aircraft  recovery  manoeuvres  could  be  used  during  wartime?  There  la  no  point  in 
presenting  a  straight  and  level  target  for  the  enemy  to  engage.  The  aircraft  system 
would  initially  be  required  to  maintain  any  previous  evasive  manoeuvring,  then  to 
respond  sensibly  as  current  threats  were  cleared  and  new  threats  were  presented.  Basic 
responses  to  threats  detected  electronically  can  easily  be  programmed,  but  threats 
normally  perceived  by  the  Mk  1  eyeball  would  remain  undetected  and  the  necessary  system 
responae  would  not  occur.  Under  certain  circumstances  the  Byatem  might  be  able  to 
allow  pilot  recovery  following  a  short  term  Incapacitation  during  an  operational 
sortie.  However,  It  is  difficult  to  define  such  situations  since  incapacitation 
Implies  some  form  of  enemy  engagement  and  the  engagement  would  surely  continue.  A 
longer  term  Incapacitation  would  obviously  be  even  more  problematic.  Could  we 
anticipate  the  aircraft  attempting  to  complete  Its  preplanned  mission?  If  this  were 
truly  possible  than  an  extremely  complex  system  would  be  necessary  and,  as  a  sideline, 
I  would  expect  an  immediate  revival  of  the  old  arguments  for  pilotless  aircraft.  I 
submit  that  the  role  of  a  safety  network  system  in  wartime  would  be  very  limited.  We 
ahould  certainly  await  the  availability  of  hard  facts,  following  an  extensive  flight 
test  programme,  before  considering  the  viability  of  anything  more  than  a  limited 
wartime  role.  Consequently,  I  believe  the  benefits  and  usage  of  a  safety  network 
system  must  lie,  Initially,  within  the  scope  of  peacetime  operational  training.  The 
situation  Is  analogous  to  the  2  engines  versus  I  engine  argument  with  respect  to  fast- 
jet  military  aircraft.  There  Is  ample  evidence  that  many  aircraft  have  been  saved  from 
loss  In  peacetime  by  having  the  redundancy  of  2  engines.  But,  once  wartime  battle 
damage  Is  considered  the  advantages  of  a  2  engine  configuration  are  significantly 
reduced  with  regard  to  aircraft  survival. 

When  considering  the  peacetime  environment  there  is  one  particular  incapacitating 
situation  that  provides  a  clear  and  obvious  reason  for  considering  a  safety  network 
syatem  and  that  is  Q-i.CC. 
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O-LOC 

O-LCC  has  been  Identified  as  a  major  threat  to  military  pilota  since  the  introduction, 
and  subsequent  build  up,  of  highly  agile  airoraft  capable  of  achieving,  and  sustaining, 
high  levels  of  positive  0-.  There  la  reliable  evidence  that  some  10-12  military  pilots 
have  already  been  killed  cue  to  O-LOC  incapacitation.  In  addition,  there  are  many  0- 
LOC  related  incidents  reported  every  year  which,  thankfully,  have  not  resulted  in 
fatalities.  Consequently,  military  pilota  can  readily  see  and  understand  the  need  for 
greater  protectlor,  in  this  particular  area.  Obviously,  enhanced  0  protection  systems 
comprise  one  such  protection  option  already  under  development.  There  can  be  little 
argument  that  the  development  of  a  safety  network  system  designed  solely  to  provide 
safe  recovery  following  O-LOC  incapacitation  deserves  every  encouragement.  The  facta 
speak  for  themselves,  and  the  likely  coats  of  falling  to  resolve  the  problem,  both  in 
pilot  fatalities  and  aircraft  losses,  will  be  high. 

PILOT  INCAPACITATION  PUL  TO  OTHER  CAUSES 

The  RAP  has  evidence  that  a  small  number  of  accidents  and  associated  fatalities  can  be 
attributed  to  other  causes  of  pilot  Incapacitation.  This  incapacitation  was  due  either 
to  medical  conditions  or  as  the  result  of  an  external  source  eg  aircraft  collision, 
Whilst  It  would  be  unlikely  that  a  safety  network  system  could  cope  with  the  associated 
control  problems  consequent  to  most  aircraft  collisions,  the  safe  recovery  of  a  pilot 
suffering  from  a  medical  incapacitation  should  be  feasible.  Incapacitation  due  to 
hypoxia  la  always  a  possibility,  although  the  RAP  has  no  recent  experience  of  any 
accidents/fatalltles  due  to  this  cause. 

BASIC  RESERVATIONS 

Notwithstanding  my  previous  comments,  I  reiterate  that  there  will  be  significant 
military  pilot  reservations  to  accepting  such  a  system.  I  will  now  discuss  what  I 
believe  will  be  the  main  areas  of  concern  for  military  pilots. 


a.  Aircrew  Equipment  Assemblies.  Military  pilots  are  already  heavily 
overloaded  with  flying  cl othlng,  survival  aids  and  helmet  mounted  devices. 
The  requirement  to  wear  so  much  equipment  causes  discomfort  and,  dependent 
upon  ambient  air  temperatures,  heat  stress  problems  can  occur.  The  sheer  bulk 
of  the  clothing  and  equipment  seriously  impairs  mobility,  both  Internal  and 
external  to  the  cockpit.  The  time  taken  to  dress  correctly  for  flight  is 
becoming  longer  and  in  some  situations  the  pilot  actually  requires  assistance 
to  don  the  equipment.  The  need  to  Include  NBC  protection  significantly 
exacerbates  the  problem.  You  must  expect  that  the  addition  of  even  more 
equipment,  such  as  bodily  mounted  sensors,  to  detect  pilot  performance 
degradation  or  incupacltat Ion  will  be  strongly  resisted,  unless  the  equipment 
is  totally  unobtrusive  and  does  not  require  tiresome  donning  procedures.  Any 
requirement  for  pre-flight  testing  of  the  system  must  be  minimal. 

b.  Functions  Triggering  the  System.  System  trigger  functions  will  require 
careful  con side rati on .  Reliable  sensing  of  total  pilot  incapacitation  would 
provide  an  obvious,  unambiguous  trigger.  I  anticipate  that  the  difficult 
problem  areas  will  be  associated  with  reliably  determining  incipient  or 
partial  pilot  Incapacitation  and,  particularly,  measuring  pilot  performance 
degradation.  Individual  pilots  employ  a  wide  spread  of  techniques  to  fly  and 
operate  their  aircraft  to  achieve  the  same  task  or  result.  I  suspect  this 
factor  will  make  It  very  difficult  to  define  a  level  at  which  performance  Is 
considered  to  be  degraded  and  a  safety  network  system  triggers.  A  possible 
system  baaed  on  the  monitoring  of  control  activity  surely  requires  some 
template  cr  standard  to  compare  against.  I  suspect  that  there  is  no  such 
usable  standard  capable  of  being  determined  within  the  pilot  community. 
Within  the  military  environment  flexibility  Is  the  key  to  everything;  hence, 
anything  denned  today  will  probably  be  out  of  date  before  It  can  be 
Incorporated  into  a  flying  system. 

o.  False  Alarms.  False  alarms,  or  other  system  malfunctions,  will  alienate 
the  system  to  "pilots.  Clearly,  there  are  situations  whereby  the  triggering  of 
the  system  by  a  false  alarm  could  even  be  hazardous.  Two  specific  situations 
come  to  mind,  namely,  aircraft  flying  in  close  formation  or  engaged  In  slow 
spaed,  close  range  air  combat  manoeuvres.  They  could  be  particularly 
vulnerable  to  mld-alr  collision  following  a  false  system  trigger.  Any 
problems  within  this  area  would  simply  result  in  pilots  flying  with  the  system 
switched  off. 

d.  Definition  of  Recovery  Manoeuvres.  Once  the  system  Is  triggered  what  will 
de terinlne  the  optimum  recovery  manoeuvre?  Would  It  be  possible  to  define  a 
single  recovery  manoeuvre  that  would  be  acceptable  for  all  anticipated 
circumstances?  Personally  I  doubt  It,  since  there  would  be  too  many  variables 
Involved.  The  system  will  need  to  compute  its  recovery  manoeuvre  having 
consideration  for,  at  least,  the  aircraft's  current  flight  parameters,  the 
current  rates  of  change  of  those  parameters,  the  aircraft' 3  current 
aerodynamic  capabilities  and  the  capabilities  of  the  flight  control  system. 
These  requirements  will  generate  a  significant  software  programming  and 
computing  task  and  military  pilots  have  good  cause  to  be  circumspect  about  the 


correct  operation  of  auah  lysteras,  Whilst  a  recovery  manoeuvre  to  straight 
and  level  flight  would  be  acceptable  for  short  term  lnoApacltatlons,  eg  O-LOC, 
for  longer  term  Incapacitation,  eg  serious  Intercurrent  Illness,  full  recovery 
of  the  aircraft  to  a  runway,  or  even  an  aircraft  carrier,  would  be  required. 


TESTING  THE  SYSTEM 

If  the  development  Of  the  system  prooeeds,  I  anticipate  considerable  difficulties  In 
achieving  adequate  and  fully  representative  flight  testing  or  such  a  ayBtem.  Designing 
suitable  trials  to  confirm  the  correct  operation  of  the  performance  degradation 
detection  modules  would,  I  suspect,  be  taxing.  Finally,  what  would  be  the  extent  of 
the  system/sof tware  tests  required  to  satisfy  the  normal  airworthiness  safety 
requirements. 

CONCLUSIONS 

I  have  deliberately  expanded  ray  discussions  to  include  factors  outside  of  your 
particular  specialities.  Military  pilots  look  at  the  complete  picture  to  determine 
their  response  to  any  new  systems.  I  appreciate  your  Interests  lie  predominantly 
within  your  own  specialist  fields,  but  you  must  always  be  aware  of  the  additional 
problems  that  must  be  solved  If  the  safety  network  syBtem  is  to  proceed  beyond  the 
experimental  stage.  X  am  sure  that  military  pilots  generally  will  come  to  accept  that 
the  concept  of  a  safety  network  system  la  sound.  However,  all  too  often  advanced 
systems  onter  service  with  capabilities  that  fall  to  match  up  to  the  Initial  proposals. 
I  would  strongly  recommend  concentration  on  a  system  designed  to  provide  protection 
from  O-LOC  Incapacitation  rather  than  the  more  complex  possibilities.  In  the  final 
analysis,  military  pilot  acceptance  of  a  safety  network  system  would  be  based,  as 
always,  on  the  following: 

a.  Do  I  really  need  such  a  system  and  will  It  be  a  safe  and  reliable  system? 

b.  What  additional  equipment  will  I  need  to  wear  and  how  will  that  affect  my 
comfort  and  mobility? 

c.  Will  It  make  the  successful  achievement  of  my  primary  flying  tasks  easier 
or  more  difficult? 

Ladies  and  gentlemen,  I  hope  that  I  have  explained  the  operational  pilot’s  views  to  you 
clearly  and  without  appearing  to  damn  the  safety  network  system.  I  am  sure  that  the 
system  haa  potential,  but  I  urge  you  all  to  resist  any  temptation  to  promote  the 
development  of  an  overly  complex  system. 
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SUMMARY 

Navy  tactical  pilots  and  NFO's  were  provided  a  multiple-  item  questionnaire  with  instructions  to  indicate  flight 
history  and  other  demographic  information,  and  to  respond  to  cl  jse-ended  queries  uboul  a  theoretical,  gcnerically 
defined,  pilot  monitoring  advisory  and  recovery  system.  The  queries  were  design  d  to  ascertain  user  opinion  of 
system  acceptability,  tactical  viability,  and  other  merits  or  shortcomings.  Respondents  also  provided  illuminating 
commentary.  There  was  guarded  acceptance  of  PMRS,  more  so  among  senior,  more  experienced  officers,  despite 
general  opinion  that  GLOC  is  not  a  problem  in  fleet  or  training  operations,  that  a  safety  net  device  would  likely  be 
burdensome  and  not  of  fully  trusted  reliability,  availability,  or  tactical  utility.  Acceptance  was  generally  higher  for  a 
system  which  (1)  would  recover  the  aircraft  from  an  uncontrolled  flight  path  (vs.  merely  advising  prc-LOC).  (2) 
provided  an  on/off  selection  capability,  and  included  in  addition,  (3)  a  selectable  "soft  deck,"  absolute  altitude,  to 
warn  the  aircrew  of  impending  GLOC.  and  t.4)  a  selectable  "hard  deck,"  absolute  altitude,  to  initiate  flight  path 
recovery.  Given  optimal  engineering  solutions  (system  reliability,  etc.),  the  officers  expressed  strong  (junior 
officers)  to  very  strong  (senior  officers)  approval  for  PMA/RS.  introduced  no  earlier  than  at  the  Fleet  Readiness 
Squadron  level,  despite  universally  conservative  estimates  of  potential  tactical  improvement  afforded  by  the  system. 

LIST  OF  SYMBOLS  and  TERMS 


PMAS: 

Pilot  Monitoring  and  Advisory  System 

PMRS: 

Pilot  Monitoring  and  Recovery  System 

MTBF: 

Mean  Time  Between  Failures 

GLOC: 

G-Induced  Loss  of  Consciousness 

0-2: 

Lieutenant  (Junior  Grade) 

0-3: 

Lieutenant 

04: 

Lieutenant  Commander 

0-5: 

Commander 

FRS: 

Fleet  Readiness  (Training)  Squadron 

INTRODUCTION 

Of  fundamental  importance  to  the  successful  development  of  any  on-board  pilot  monitoring  and  recovery 
system  (PMRS)  is  the  effective  integration  of  the  system  within  its  complete  tactical  context-i.e.,  within  the 
aircraft's  mission  supersystem.  Adequate  representation  of  the  mission  supersystem  entails  analysis  not  only  of 
essential  engineering  and  safety  issues,  but  of  training  ramifications,  operator  employment,  and  tactical  utility.  In 
the  case  of  PMRSs,  the  supersystem  is  a  multi-dimensional  one.  Included  are  hardware,  software,  the  interaction  of 
hardware  and  software  with  "organware,"  the  logistical  support  trail,  and  very  significantly,  the  tactical  and 
doctrinal  "drivers"  that  can  determine  whether  the  incorporation  of  the  proposed  system  will  ultimately  represent  a 
significant,  net  improvement  in  the  weapon  supersystem. 
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Formal  cvuluation  of  all  aircraft  modifications  including  PMRS -in  the  context  of  mission  tuctics-is  not 
typically  performed  until  Operational  Test  and  Evaluation  stapes  of  the  acquisition  process.  I  lerc,  tactics  and  PMRS 
will  be  assessed  and  honed,  until  final  recommendations  are  derived,  and  decisions  for  tleet  introduction  are  made. 
The  final  product  will  most  certainly  not  be  isomorphic  with  the  original  design.  Rather,  the  PMRS  candidate  AND 
associated  tactics  will  undergo  iterative  adjustment  until  a  satisfactory  composite  is  achieved.  During  test  and 
evaluation,  the  tactical  contribution  of  PMRS  will  be  given  extensive  consideration. 

Significantly,  the  design  community  must  understand  that  PMRS-as  any  aircraft  improvement  product - 
MUST  be  regarded  as  a  mission  enhancement,  envelope  expansion,  or  like  upgrade  to  the  supersystem.  Expressed 
the  other  way,  PMRS  must  NOT  be  regarded  solely  as  an  augment  whose  purpose  is  to  remove  a  behaviorally 
avoidable,  even  if  deleterious  aspect  of  mission  accomplishment.  'Ibis  precept  has  revealed  itself  historically,  and 
will  likely  continue,  particularly  in  economic  circumstances  of  finite  or  decreasing  icsources.  'ITius,  the  safety  net 
must  he  engineered  as  a  weapon  improvement  rather  than  merely  as  a  safety  net. 

None-thc-lcss,  a  comprehensive  view  of  the  supersystem  includes  a  look  at  the  negative  factor,  viz.,  0- 
Induced  loss  of  consciousness  (Gl.OC)  and  the  degree  to  which  this  treacherous  factor  "pulls"  PMRS.  first,  is  the 
rather  unequivocal  issue  of  GLOC  incidence.  Figure  (1)  provides  an  indication  of  the  frequency  of  Class  A 
accidents  which  were  concluded  to  be  GLOC  associated  for  U.S.  tactical  aircraft  between  1 982  and  present.  Ihc 
figures  are  regarded  as  conservative,  since  Gl.OC  is  very  difficult  to  confirm  in  Class  A  accidents.  Clearly,  even 
with  conservative  data,  GLOC  occurs,  and  it  appears  analytically  to  he  a  significant  threat  in  high  performance 
aviation. 


T-34  A-7  F-4  F-14 

T-37  A- 10  F-S  F-15 

T-2  A-6  F-106  F-16 


F-18 


Figure  1.  Numbers  of  Class  A  accidents  in  U.S.  aircraft  Irom  1982  to  present 


Second,  and  perhaps  more  importantly,  is  the  perception  of  G/GLOC  threat  among  aircrcwmen.  The  G 
"threat"  can  be  considered  as  two-fold:  Mediated  and  absolute.  The  absolute  threat  is  a  function  ol  the  actual 
limitation  of  aircraft  structures  and  human  physiology  to  instantaneous  and  sustained  G.  This  limitation  should  be 
regarded  more  as  a  defensive  than  an  offensive  limitation;  ncne-thc-lcss  the  limitation  is  in  fact  a  written,  "legal" 
one.  As  is  shown  in  Figure  2,  the  solid  line  indicates  the  level  of  safe  aggressiveness  afforded  with  current  G 
protection,  and  thus  the  turning  limitations  imposed  by  the  G/GLOC  threat. 
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Figure  2.  stolional  advantage  gamed  lor  tactics  with  safety  net  This  advantage  obtains  only  It  the  pilot  believes  it. 

The  mediated  threat,  on  the  other  hand,  is  characterized  as  a  perceptual  one:  it  is  more  an  offensive  than 
defensive  limitation.  'I he  notion  here  is  that  the  pilot  will  seek  to  avoid  not  only  breaking  his  wings,  but  also  losing 
consciousness,  because  in  cither  case  the  outcome  is  disastrous.  This  G  buffer  limitation  suggests  that  without  a 
‘safety  net,"  the  pilot  simply  will  not  fly  as  aggressively  in  an  offensive  mode  as  he  would  ily  with  a  net.  With 
respect  to  figure  2,  then,  the  pilot  without  fear  of  the  consequence  of  PMRS  is  one  who  ‘'flies'1  the  solid  bold  lines. 

’Ihe  present  effort  sought  to  derive  a  better  understanding  of  G/GLOC  buffers  and  limitations,  and  of  the 
ramifications  of  introduction  of  PMRS  machinery  into  the  mission  supersystem.  This  was  accomplished  by 
collecting  ami  evaluating  the  opinions  of  experienced  fleet  aviators. 

METHOD 

Navy  tactical  pilots  and  flight  Officers  (NKOs)  were  provided  a  multiple-item,  multiple-choice  questionnaire, 
with  instructions  to  indicate,  anonymously,  flight  history  information,  and  other  relevant  demographical 
infoimution.  The  23  close-ended  queries  ( 1 5  questions  with  8  sub-questions)  were  to  be  answered  with  two 
hypothetical  PMRS  designs  in  mind.  The  first  was  one  which  detects  GLOC  or  near-GLOC,  and  warns  the 
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aircrew,  The  second  detects  OLOC.  warns  the  aircrew  for  some  period  of  time,  and  then  recovers  the  aircraft  until 
the  point  of  pilot  override,  The  questions  were  designed  to  ascertain  general  opinion  about  user  acceptability, 
tactical  viability,  and  other  potential  merits  or  sitortcomings.  The  respondents  were  also  asked  to  provide  open- 
ended  commentary  on  key  specifics  associated  the  introduction  of  PMRS.  (The  survey  questions  are  disclosed  in 
the  Findings  section.) 


FINDINGS 

The  demographies  characteristics  of  the  respondents  are  summarized  in  Table  1 . 

TABLE  1 


Low 

High 

Mean 

Mode 

Rank 

0-2 

0-5 

.... 

0-3 

Fit.  Hrs. 

375 

3.700 

1,520 

There  were  26  pilots  and  12  NFOs  among  the  respondents;  24  junior  (0-2, 0-3)  and  14  senior  (0-4, 0-5)  officers, 

No  respondent  disclosed  having  ever  experienced  GLOC. 

Results  of  the  substantive  questions  are  indicated  below,  The  bold  entries  indicate  modal  responses  for  junior 
officers;  italics  for  senior  officers.  Selected  commentary  is  appended  to  each  item,  The  commentary  was  taken 
from  respondents  who  answered  the  particular  question  with  the  mode,  or  in  sonic  particularly  interesting  way. 

I .  Do  you  think  G-induccd  loss  of  consciousness  (GLOC)  is  a  problem  in  licet  (TACAiR)  operations? 


Strong  No 

No 

1  2  3 


Neutral  Yes  Strong 

Yes 

4  5  6  1 


SUM  2  6  6 


10  6  6 


1 


COMMENTS,  selected  response  preceding,  officer  rank  following, 

4,  Occasionally  wc  lose  an  airerafl/airorew  to  the  problem.  (0-5) 

3,  Fleet  pilots  apply  g  by  feel.  The  more  experienced  pilots  will  not  let  the  onset  of  g  exceed  body  limits. 
The  only  time  it  is  a  problem  is  when  inexperienced  pilots  are  too  rough  and  apply  g  too  quickly.  (0-4) 

4,  I  never  met  anyone  who  experienced  GLOC.  (0-4) 

2.  Do  you  think  GLOC  is  a  problem  in  the  training  pipeline? 

Strong  No  Neutral  Yes 

No 

12  3  4  5  6 

SUM  3  4  5  11  10  4 


Strong 

Yes 

7 

1 


COMMENTS: 

4,  Once  aware  of  it  in  the  Fleet  Replacement  Squadron  it  was  not  a  problem.  Realty  was  not  addressed  in 
the  training  command.  Should  be  an  item  for  the  tactics  phase  of  advanced  jet  NFO  training,  (0-4) 

5,  A  few  problems  in  ACM  with  students.  M-l/L-1  techniques  are  not  emphasized  as  much  as  they  could 
be.  (0-5) 

4,  I  never  met  anyone  who  experienced  GLOC.  (0-4) 


3.  Do  you  think  that  aircraft  structural  g  limitations  (c.g„  6,5  for  F- 1 4)  are  a  problem  in  potential  fleet  combat 
operations? 
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Strong 

No 

Neutral 

Yes 

No 

1 

2 

3 

4 

5 

6 

SUM  2 

3 

4 

2 

4 

11 

COMMENTS: 

Strong 

Yes 

7 


1 1 


6,  Too  low!  Need  a  high  g  capable  aircraft,  (0-4) 

7,  We  need  to  have  the  capacity  to  turn  with  the  current  threat  aircraft.  We  have  the  engine  in  the  F-  I4A+ 
to  perform  with,  now  we  need  the  airframe  to  rate  with  the  threat  aircraft  of  today  and  tomorrow.  We  need  at 
least  7.5  g‘s.  (0-4) 


4.  If  more  g  were  available,  would  you  use  it  to  tactical  advantage? 


Strong 

No 

1 

2 

No 

3 

Neutral 

4 

5 

Yes 

6 

Strong 

Yes 

7 

0 

1 

1 

0 

3 

9 

24 

COMMENTS: 

7,  For  missile  defense  and  defensive  maneuvering.  (0-4) 

7,  1  don't  need  8.5  g’s  in  non-combat  situations.  7  to  7.5  g's  would  be  nice  to  practice  with  for  physical 

appreciation  and  training,  and  for  heightened  awareness  of  the  functional  (human)  limits  under  sustained  high 
g's  at  8  to  9  g's.  (0-4) 

5.  If  more  g  were  available,  and  fleet  aviators  routinely  used  it,  would  GLOC  become  a  problem? 


Strong 

No 

Neutral 

Yes 

Strong 

No 

Yes 

1 

2 

3 

4 

5 

6 

7 

1 

3 

3 

7 

10 

11 

2 

COMMENTS: 

5,  Initially,  however  as  time  passes  aviators  would  adjust.  (0-4) 

5,  It  could  if  proper  preparation  and  conditioning  weren't  accomplished.  (04) 

5,  Wc  need  to  train  ourselves  physically  to  handle  the  demands  on  our  bodies  in  high  g's.  If  we  don't  get 
serious  here  wc  could  get  imo  trouble  with  GLOC.  (04) 

7.  Mainly  due  to  lack  of  g  tolerance,  due  in  part  to  lack  of  regular  high  g  type  flying.  The  aircrew  think 
they  have  the  physical  capacity  to  tolerate  high  g.  (04) 

5,  May  be  hard  to  get  sufficient  onset  rate  in  non  fly-by- wire  aircraft  to  induce  GLOC.  (04) 

6.  Do  you  think  that  human  g  tolerance  limitations  are  a  problem  in  potential  fleet  combat  operations? 

Strong  No  Neutral  Yes  Strong 

No  Yes 

t  2  3  4  5  6  7 


SUM  3  6  9  2  Id  6  2 


COMMENTS: 


5,  Not  now,  but  depends  on  how  advanced  tactical  aircraft  become.  (04) 
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7.  Pilot  monitoring  and  advising  systems  (PMAS)  are  technologically  feasible.  PMAS  would  monitor  pilot  state 
[either  with  bio-medical  sensors,  or  by  inferring  pilot  state  based  on  computer  anulysis  of  pilot  control  inputs  (or 
lack  of)|.  Having  decided  that  the  pilot  is  incapacitated,  PMAS  would  alert  (e.g.,  with  loud  warning  sounds)  the 
aircrew.  What  is  your  opinion  of  such  a  system? 


a.  Strongly  Distrust 

Distrust  Validity 
(false  positives  too  high) 

Neutral 

Trust 

Strongly 

Trust  Validity 
(false  positives  ok) 

1  2  3 

4 

5 

6 

7 

SUM:  9  2  7 

13 

L 

1 

1 

COMMENTS: 

4,  Might  rate  a  score  of  5  if  there  are  no  false  alerts,  (0-4) 

4,  Though  unfamiliar  with  the  system,  initially  feel  that  it  is  a  good  idea.  1  wonder  if  the  pilot  could  hear 
the  warning  under  GLOC,  (0-4) 

3,  Good  education  on  g  tolerances  would  be  as  good.  Too  many  bells  and  whistles  already.  (0-4) 

4,  Very  dependent  on  what  you  use  it  as.  A  warning  tone  will  not  accomplish  much  in  an  P-14.  If  the 
plane  is  suddenly  not  maneuvering,  the  RIO  will  start  talking  to  the  pilot.  No  response  from  the  pilot  would 
indicate  he's  unconscious.  The  RIO  cannot  fly  the  aircraft  unless  the  pilot  recovers,  and  ejection  would  be 
required.  Some  sort  of  auto  leveling  option  in  the  autopilot  would  be  necessary.  Blackout  would  trigger 


PMAS  whicti  would  trigger  the  quto  leveling,  (0-3) 

b.  Strongly  Burdensome  Neutral 

Transparent 

Strongly 

Burdensome 
(to  pilot) 

1 

2  3 

4 

5  6 

Transparent 
(to  pilot) 

7 

SUM:  3 

1  13 

12 

3  0 

2 

c.  Strongly 

Distrust 

Neutral 

Trust 

Strongly 

Distrust  System 
Availability 
(low  MTBF) 

1 

2  J 

4 

5  6 

Distrust  System 
Availability 
(high  MTBF) 

7 

SUM:  1 

6  10 

15 

1  0 

0 

d.  Strongly 

Disadvantageous 

Neutral 

Advantageous 

Strongly 

Disadvantageous 

Tactically 

1 

2  3 

4 

5  6 

Advantageous 

Tactically 

7 

SUM:  3 

3  9 

16 

2  1 

2 

COMMENTS: 

4,  1  would  look  at  PMAS  more  from  a  training  aspect  (fewer  losses  in  training)  than  as  a 

combat  tool.  (0-5) 

e.  Strongly 

Distrust 

Neutral 

Trust 

Strongly 

Distrust  Reliability 
(fail  to  detect  GLOC 
too  often) 

1 

2  3 

4 

5  6 

Trust  Reliability 

(almost  never  fail 
detect  GLOC) 

7 

SUM:  1 

7  10 

15 

0  0 

1 

8.  Pilot  monitoring  and  recovery  systems  (PMRS)  are  also  technologically  feasible.  PMRS  would  detect 
incapacitation,  as  in  7,  above,  but  would,  in  addition,  continuously  calculate  time  to  earth  impact,  and  when  a 
threshold  is  exceeded,  cause  the  jet  to  fly  straight  and  level  until  the  pilot  recovers  control  of  flight  path,  What  is 
your  opinion  of  such  a  system? 
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a.  Strongly 

Distrust 

Neutral 

Tmst 

Strongly 

Distrust  Validity 

Trust  Validity 

(false  positives  too  high) 

(false  positives  ok) 

1 

2  3 

4 

5  b 

7 

SUM:  4 

5  10 

6 

7  1 

2 

COMMENTS: 

4,  A  false  recovery  could  kill  you  in  combat, 

.  (0-4) 

3,  Could  be  used  as  u  crutch.  (0-4) 

6,  lam  not  sure  it  would  wurk  but  I  have  lost  three  close  friends  in  E- 1 6  (il.OC  accidents  and  feel 

something,  even  If  It  is  not  perfect,  is  better  than  nothing,  (0-3) 

b.  Strongly 

Burdensome 

Neutral 

Transparent 

Strongly 

Burdensome 

Transparent 

(to  pilot) 

(to  pilot) 

1 

2  3 

4 

5  6 

7 

SUM:  2 

4  13 

8 

6  1 

0 

c.  Strongly 

Distrust 

Neutral 

Trust 

Strongly 

Distrust  System 

Distrust  System 

Availability 

Availability 

(low  MTBR 

(high  MTBE) 

1 

2  3 

4 

5  6 

7 

SUM:  3 

6  12 

9 

4  0 

0 

d.  Strongly 

Disadvantageous 

Neutral 

Advantageous 

Strongly 

Disadvantageous 

Advantageous 

Tactically 

Tactically 

1 

2  3 

4 

5  6 

7 

SUM:  5 

4  9 

12 

3  0 

2 

COMMENTS: 


3.  A  malfunction  at  the  wrong  lime  could  be  very  bad.  (0-4) 

4,  Not  really  tactically  advantageous.  You  still  can't  afford  to  black  out.  Recovery  straight  and  level  makes 
you  a  sitting  duck  for  the  guy  you  were  fighting.  (0-3) 


c.  Strongly 

Distrust  Reliability 
(miss  rates  too  high) 

Distrust 

Neutral 

Trust 

Strongly 
Trust  Reliability 
(miss  rates  okay) 

1  2 

3 

4 

5 

6 

7 

SUM:  2  7  5  11 

9.  If  PMAS  were  selectable  (on/off)  what  would  your  opinion  be? 

6 

2 

2 

Strongly 

Dislike 

Dislike 

Neutral 

Like 

Strongly 

Like 

1  2 

3 

4 

5 

6 

7 

SUM:  3  2 

3 

10 

8 

7 

3 

COMMENTS: 


5,  Like  it  "on”  in  training,  off  in  combat  (concerned  about  false  alarms.)  (0-5) 

5,  It  might  be  appropriate  for  less  experienced  pilots  like  FRS  pilots  and  first  tour  fleet  aviators.  (0-4) 
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1 0.  If  PMRS  were  selectable  (on/off)  what  would  your  opinion  be? 


Strongly 

Dislike 

Dislike 

Neutral 

Like 

Strongly 

Like 

1 

2  3 

4 

S 

6 

7 

SUM:  3 

2  4 

9 

7 

7 

3 

11,  If  PMAS  coupled  with  PMRS  were  selectable  (on/off)  AND  a  soft  deck  (for  auditory  warning)  and  hard  deck 
(for  flight  path  recovery)  altitudes  were  selectable,  what  would  your  opinion  be? 

Strongly 

Dislike 

Dislike 

Neutral 

Like 

Strongly 

Like 

1 

2  3 

4 

5 

6 

7 

SUM:  2 

1  2 

8 

6 

12 

6 

COMMENTS: 


6,  useful  in  training.  (0-5) 

6,  System  shouldn't  be  selectable,  but  overridable.  (0-4) 

6,  This  idea  sounds  good.  Combining  warning  and  recovery  is  meaningful.  Warning  alone  is  not  enough. 
(0-3) 


12,  If  PMA/RS  were  engineered  well,  would  such  technology  enhance  the  offensive  capability  of  tactical  jets? 


Strong  No 

No 

1  2  3 


Neutral  Yes 

4  5  6 


Strong 

Yes 

7 


SUM  4  2  7 


10  4  6 


5 


COMMENTS: 

3,  The  pilot  must  decide  what  is  necessary  in  a  given  situation,  not  a  machine.  (0-3) 

1 3 .  Same  as  #1 2,  but  selectable  (throttle  or  stick  switch)  commensurate  with  employment  of  high-G  (or  other) 
last  ditch  defensive  maneuver? 


Strong  No  Neutral  Yes 

No 

12  3  4  5  6 

SUM  4  3  7  7  8  5 

COMMENTS: 

5.  Selectable  off,  I  don’t  want  it  in  last  ditch  combat  maneuvers.  (0-5) 


14.  From  a  tactical  point-of-view,  would  a  reliable,  valid,  and  available  PMA/RS  improve  combat  effectiveness 
(Pk,  defensive  maneuvering,  bombs-on-target,  etc)? 


Strong 

No 

Neutral 

Yes 

Strong 

No 

Yes 

1 

2 

3 

4 

5 

6 

7 

SUM  6 

6 

10 

8 

3 

3 

2 

Strong 

Yes 

7 


4 


COMMENTS: 

2,  if  installed,  no  one  should  be  put  into  the  situation  to  require  its  use.  Better  basic  aircraft,  seat,  g-suit 
design  along  with  g  tolerance  training  are  better  answers  to  the  problem.  (0-4) 
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7,  It  would  not  add  any  combat  capability  to  the  jet  Itself  nor  will  it  change  pilot  behavior  during  combat. 
What  it  will  do  is  save  lives  and  aircraft  that  we  cun  use  in  the  next  war.  In  this  way,  combat  effectiveness 
will  be  enhanced.  (0-3) 

2,  Still  feel  It  should  not  be  used  as  a  crutch,  Pilots  still  need  to  fight  their  plane  to  the  limits  they  are 
capable  of  but  never  exceed  them.  (0-3) 

15.  If  PMA/RS  were  to  be  introduced,  where  in  the  pipeline  makes  the  most  sense? 

PIPELINE 

T-34  T-2  TA4  FLEET  JE  T  FLEET  JET  Nowhere 

(training)  (operational) 

Junior 

Officers  0  I  2  15  3  5 


Senior 

Officers  1  0  0  10  10 

DISCUSSION  and  CONCLUSIONS 

'ITic  data  collected  indicate  that  there  is  an  apparent  guarded  acceptance  of  the  safely  net  concept.  The 
acceptance  is  higher  among  senior,  more  experienced,  officers  than  among  juniors.  Mild  acceptance  was  inferred 
despite  the  fail ly  generally  held  belief  that  GLOC  is  not  a  significant  problem  in  fleet  or  training  operations. 

Whether  GLOC  is  a  significant  problem  is,  of  course,  an  opinion  that  is  more  important  at  policy  levels  than  at  fleet 
aviator  levels, 

The  respondents  indicated  a  desire  to  have  more  G  legally  (structurally)  available,  and  that  if  it  were,  it  would 
be  used  to  tactical  advantage.  Afforded  more  ''legal"  G,  however,  the  officers  perceived  that  GLOC  might  become  a 
significant  fleet  problem.  The  junior  officers  were  more  skeptical  of  the  insidiousness  of  G,  regardless  of  G 
available. 

The  participating  officers  were  neutral  about  impend ing-GLOC  ADVISOR  Y-only  systems.  'Ifierc  was  little 
demonstrable  trust  for  PMAS  validity  (false  positives  might  be  excessive,  which  would  be  quite  distracting),  or 
reliability  (too  many  misses).  Similarly.  PMAS  was  not  perceived  to  be  a  welcomed  logistical  addition  (system 
availability  would  not  be  high),  and  (though  no  physical  description  was  provided  io  the  respondents)  PMAS  was 
not  predicted  to  be  unburdensome.  The  tactical  utility  of  a  design-free  PMAS  was  generally  inestimable  by  the 
respondents.  The  attractiveness  of  PMAS  improved  if  the  theoretical  system  included  a  selectable  "on/oft"  feature. 

Pilot  monitoring  and  RECOVERY  systems  were  perceived  to  be  more  attractive  than  advisory-only  candidates, 
though  predominantly  among  senior,  more  experienced  officcre,  Though  not  estimated  to  be  particularly 
unburdensome,  reliable,  valid,  or  available,  the  senior  officers  preferred  the  PMRS  with  an  "on/off"  switch. 

Sentiment  for  PMA/RS  proved  to  be  highest  if,  in  addition  to  "on/off“  selection,  a  soft  deck  Selected  during 
flight  preparation  or  situationaliy  as  absolute  altitude  (for  the  pre-G  advisory))  and  a  hard  deck  (selected  as  absolute 
altitude  (for  flight  recovery))  were  afforded. 

Provided  with  the  best  engineering  solutions  (presumably,  the  respondents  inferred  from  the  questionnaire  that 
this  meant  acceptable  reliability,  validity,  availability,  and  burden),  the  senior  officers  expressed  strong  acceptance. 

If  selcctability  were  also  incorporated,  junior  officers  indicated  strong  sentiment;  senior  officers  indicated  very 
strong  approval.  The  provisional  approval  of  a  perfectly  designed  PMRS  was  provided  by  respondents  despite  only 
modest  estimates  of  tactical  value  (e.g„  improvement  in  kill  probability).  The  almost  universally  nominated 
introduction  point  for  a  PMRS  was  at  the  FRS  lcvel--thc  pipeline  point  at  which  graduate  aviators  begin  flying  their 
first  fully  complemented  aircraft  (e.g.,  P-14,  F-18)  prior  to  assignment  as  a  deployed,  fleet  aviator. 

In  conclusion,  junior  officers  tended  to  view  PMRS  as  an  unreliable  solution  to  a  (safety)  non-problcnt.  Senior 
officers,  on  the  other  hand  appeared  to  regard  PMRS  as  a  candidate  avenue  to  improving  airmanship.  More 
generally,  the  data  collected  in  the  present  study  suggest  cost-related  design  boundaries,  and  they  suggest  that  a 
safety  net  might  improve  not  only  safety,  but,  perhaps,  tactical  success  as  well.  Consideration  of  tactical  variables 
introduces  myriad,  quantifiable  factors,  These  factors  must  be  examined  fully. 
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Le  concept  de  filet  de  sauvegarde 

Tha  tafaly  net  concept 

Rani  Amalbertl  &  Jean-Plerre  Manu 

CERMA,  Division  d'erQonomle  sirospetlele 
Base  d'esaala  en  vola,  Bretlgny  sur  Orge,  91220  Cedex,  FRANCE 


Bfrimi  Le  filet  de  sauvegarde  e«  un  systkme  de  recuperation  de  situations  per  prise  en  mein  autoritaire-mais  tempotaire-  du 
pilotage  en  cu  de  peste  de  cotwaissanee  du  pi  low  ou  de  perede  It  foumlr  en  urgence,  Les  probtemes  poWs  tout  de  unit  onlres: 
op6mUonneli  (comment  coupler  un  tel  sysWme  t  la  situation),  psycho-physio  logiques  (comment  ddtecwr  l'etat  du  pilow.  perte  et 
reprise  de  conscience)  el  infomudques  (quelle  architecture  pour  le  systkme).  L'article  resume  I'eut  des  connaistaiX.es  dans  les  trois 
domaines  et  suggkre  un  sdrie  d'ktapes  Intermddisites  tvant  darriver  It  un  systkme  poaskdant  toutes  let  foncdonnalitds  (noutnunent  en 
toumam  les  plus  akvkres  difficultka  par  une  restriction  temps  de  paix  et  un  systems  semi-sutomstique  attendant  des  confirmations  du 
pilow  ;  il  e«  ccpcndant  probable  qu'un  sysWtne  limits  au  temps  de  paix  posers  des  problkmes  operation nels  en  temps  de  guerre 
(manque  dhabrtudes,  e(Tets  de  tnnsfen  nkgatifs,  tur-con fiance,  rtc).  Quelle  que  soil  le  niveau  de  realisation,  la  collaboration  etaoite 
entrt  lea  special  isles  dea  trois  disciplines  apparait  comme  la  eld  du  succks. 

Ahatrart  The  safety  net  la  a  system  designed  to  temporary  override  the  pilot  authority  in  case  of  the  suspicion  of  pilot's  loss  of 
consciousness  or  in  case  of  a  needed  reflex  response  to  an  Immediate  threat.  Problet  a  to  elaborate  such  systems  ate  of  three  natures: 
(1)  operational  (tasks  requirements),  (1)  psycho-physiological  (how  to  detect  the  pilot  awareness  :  loss  and  return  of  consciousness), 
(iii)ccmputadonal  ( system  architecture).  The  paper  summarizes  the  stale  of  the  an  of  these  three  mentioned  above  domains.  Priority 
to  peace  dme  applications  and  systematic  use  of  confirmation  dialogues  could  logically  result  of  the  analysis  of  current  goals  and 
know-hows,  but  operational  requirements  (namely  confidence  effect  and  negative  transfer!)  could  in  turn  reduce  the  interest  of  using 
a  limited  peace  rime  safety  net  system.  Anyway,  the  key  for  success  remains  in  a  close  cooperation  between  the  various  disciplines 
Involved  in  the  concept  of  safety  net 


Halruduminn; 

Le  filet  de  sauvegarde  peut-ttre  dkfini  comme  un  systkme  de  rtcupf ration  des  situations  dans  lesquelles  le  pilow  est 
incapable  d'assumer  la  direction  du  couple  Homme-Machine  (H/M),  soil  parcequ'il  a  perdu  conscience  (c as  general  du  Gloc),  soil 
parcequ'il  ne  dispose  plus  des  reaaourcea  inwllectuelles  et  motriccs  suffisantes  pour  parer  1  un  peril  immediat  (css  general  des 
reporues  reflexes  k  des  missiles).  Dam  les  deux  cas,  le  pm  hie  mg  d'lncipadution  est  evidemment  trmpnrairr  Isction  d'un  systkme 
est  done  celle  d  un  odai  visanl  k  rendre  les  comnundes  k  i'operawur  au  plus  viw. 

Le  developpement  rapide  de  ce  concept  (les  premiers  trevsux  remontent  k  peine  k  1980)  cat  dfl  k  la  mise  en  service  d'avions 
de  combat  k  hautes  performances  (  A10,  FI 6,  F13.  Mirage  2000,  etc),  II  sinscrit  dans  le  cadre  plus  general  des  etudes  sur  let 
systems*  d'aides  embarqufes  basks  sur  une  inversion  du  flux  H/M  :  la  machine  prenant  de  l'informarion  sur  I'homme  poor  different* 
usages  ( dkpistage  d'erreurt,  reconnaissance  d'imention,  copikxe  klectronique) , 

Dans  tous  let  cas,  la  mise  au  point  d'un  wl  ivitkme,  capable  de  relayer  efficacement  le  pilow  au  bon  moment  suppose  un 
triple  competence:  en  ergonotnie -analyse  open,  boon  el  le  (comment  coupler  un  tel  systkme  dam  le  cadre  de  la  tic  he),  en  psycho- 
physiologie  (evaluation  de  l'etat  du  pilote)  et  en  informatique  (comment  trailer  le  problkme  de  rindkciiion,  quelle  architecture).  A  ce 
jour,  1 'absence  quasi-toole  de  theories  sur  les  prentices  cognidfs  des  pene*  de  cannaissance  interdit  d'imaginer  un  systkme  preventif, 
sauf  k  le  rendre  extremement  pknalisant  pour  le  domalne  de  voi  tactique. 

Le  preset  de  filet  de  sauvegarde  exige  une  collaboration  entre  les  different*  specialisws  t  us -cites  et  la  definition  de  compromis 
sur  let  objectif*  (WcuriW  dea  vols/  efficacitk  en  combat/  acceptabillte  par  lea  utagers).  Ce  sent  predWmcnt  ces  deux  problktv*s 
(cooperation  multi -dUcipUnaire  et  definition  du  compfomis)  qui  ne  sont  pas  maitrisei  k  ce  jour  et  qui  li  mi  tent  le  developpement  de 
ayitkme*  concrete. 

Get  trois  competences  (ergcnomique-cperationnelle,  ptycho-phytiologique,  infomtatique)  srticulent  naturellemem  les  chapitrei 
du  present  article.  La  premiere  partie  propose  une  classification  foncticnneUe  des  different!  types  de  filets  de  sauvegarde  en  fonction 
dea  objectif*  dans  1*  tic  he  (points  de  vue  operation  nd):  la  teconde  partie  ktudie  plus  panic  ulierement  l'etat  de  l'ait  en  matiere  de 
diagnostic  de  l'etat  du  pilow  (point  de  vue  psycho-physiologique)  et  la  troi slime  partie  analyse  lei  architectures  informabques 
suooeptihles  de  repondre  au  prooterae  (point  de  vue  infonnatique) , 

l.ltlaerraalru.  aur  |gg  mntralntaa  mWraHnnnallwt 


Selon  Gilllgkara  (1919),  7  accidents  de  F16  (Airforce)  «  2  accidents  de  F13  (Navy)  ont  tit  caulks  depuis  1983  par  des 
penes  de  conscience  du  pilote.  Le  rnkme  suwur  ajouw  que  20  penes  de  connaissance*  surviennent  en  tnoyenne  cheque  annke  en 
entrainemei.t  chez  des  klkvea  pUotea  de  T37;  un  questionnaire  adreste  aux  piiotea  opkrationnela  indique  que  30%  des  pilote*  de  F16 
aurait  connu  oe  problkme,  et  14,3%  de*  pilote*  de  la  Navy.  Get  chiffrea,  rtpris  ou  confirmks  par  d'autrts  statistiques  de  lources 
Eumpeennes  (Clkre  It  *1,1987;  Kutpers  It  al,  1989)  suffisent  par  eux  mtmes  k  justifier  les  etudes  visanl  k  diminuer  ces 
riaqcts. 

Le  probitene  medical  serait  rkaolu  si  t’on  accepts) t  de  lintiier  les  performances  avion*;  il  n'en  est  malheureuiement  pas  question 
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pour  dei  ntisoni  opdratlonnellei.  On  sail  par  ulllcurs  que  It  marge  devolution  del  syitdmes  anti-g  Individuelt  est  nulnienwu 
compile;  I'eipoir  ne  peut  done  venir  que  de  It  formation  det  pllotei  (entrtlnement  en  ccntrifugeuse)  et  du  ddveloppement  de 
systdmes  de  filet  de  sauvegarde.  Noui  nous  centrerons  dans  eet  exposd  sur  cette  demitre  perspective  tout  en  souligntnl  que  lei 
efforts  devront  ndcessalrement  dtre  rdalisds  dgalement  pour  lemninemeni  del  pllotei,  le  filet  de  stuvegtrde  n'diant  qu'un  pis-tller 
O'Annde  de  I'AIr  Franytuse  va  bientftt  dtre  dquipde  d'une  centrlfugeuie  d'entrtinement). 

De  la  mdme  ftfon,  lei  missiles  disponibles  sont  devenus  si  perform&nts  que,  sunout  en  cts  d'dpuisement  des  contre-mesures, 
les  parades  efflctces  ndcesslteront  de  plus  en  plus  des  trajectoirei  inductrices  de  penes  de  connaissance.  LA  encore,  le  filet  de 
sauvegarde  apparait  comme  une  ndponse  de  pis-tller  penttettam  ponctuellement  de  64 passer  les  limites  psycho-  physlologiques 
habltuelles. 

Quelle  que  soil  I'applicadon,  les  exigences  opdrationnelles  d  un  tei  systdme  de  sauvegarde  sont  (I)  de  ddtecler  le  moment  ou  il 
faut  prendre  les  commandes,  (ii)  de  gdrcr  au  mieux  ces  commandos  en  t'absence  du  pilote  dans  la  boucle,  (ill)  de  rendre  les 
commandes  au  plus  vite  it  un  pilote  redevenu  efficace, 

(I)  La  prise  de  commandes  autoritaire  peut-dtre  envisage  sous  un  mode  autontatique  ou  semi-automatlque. 

En  mode  automatique,  le  niveau  de  rdglage  du  systdme  est  crucial :  en  cas  de  mt.se  en  route  par  exeds.  le  systdme  ddsoriente 
sdvdrement  le  pilote  en  limitant  son  champ  (faction  et  son  domaine  de  vol,  voire  1'engage  dans  des  positions  tactiques  dangcreuscs; 
en  cas  de  non-ddtection,  le  systdme  pend  son  Intertt.  Une  dventoelle  limitation  au  temps  de  palx  dltmlne  beaucoup  de  ccs  exigences: 
un  systdme  Lntcrvenant  parfols  par  exeds  pourrait  alors  4 tie  acceptable,  tndme  s'il  est  ddsagrduble;  le  temps  de  paix  dlimlne  dgalement 
tout  le  domaine  des  parades  rdflexes, 

En  mode  semi-automatique,  un  dialogue  de  confirmation  systdmatique  avec  le  pilote  rdduit  considdrahiement  les  probldmes 
d'lnddcision:  le  systdme  pourrait  en  effet,  sur  la  base  de  paramdtres  ayant  francm  un  seuil  critique,  demandcr  au  pilote  une 
confirmation  de  son  dtat  de  conscience;  la  non  confirmation  dans  un  ddial  donnd  ddciencherait  le  processus  de  transfer!  dcs 
commandes  vers  la  machine. 

(ii)  11  en  va  de  mdtne  avec  la  gestion  des  commandes: 

Pour  la  perte  de  connaissance  en  temps  de  paix,  chacun  convient  qu’un  systdme  de  remise  it  plat,  altitude  non  conflictuellc 
avec  le  terrain,  est  suffisant  pour  assurer  la  sdcurild  des  vols.  Bit  temps  de  guerre,  cette  position  en  combat  scrait  dramatique:  11  faut 
done  gdrer  !a  situation  avion  (oajecioire  mats  uussi  dtat  global  des  systdmes  de  i  avion)  en  ionetton  du  contexte  de  combat,  et 
iddalement  poursuivre  la  manoeuvre  engagde  par  le  pilote  pour  diminuer  le  temps  ndeessaire  4  sa  comprehension  de  la  situation 
taetique  une  fois  qu’il  aura  repris  conscience  (on  suit  que  le  pilote  subil  une  amndsie  quasi  totiiie  dans  les  Gloc.  done  il  ralsonneia  4 
la  reprise  de  conscience  sur  la  demidre  situation  qu'il  a  connu  avam  le  Gloc). 

Pour  la  parade  dc  type  rdponse  rdflexc,  le  probldme  est  d'effectuer  cette  parade  dans  le  cadre  de  I'enveloppe  physiologique 
du  pilote,  au  nlre,  en  lul  falsant  perdre  conscience  temporalrement,  et  de  toutes  fayons  en  dviuutt  tout  traumatisme  (en  paiticulier  de  la 
colonne  cervlcale), 

(111)  Le  remise  des  commandes  au  pilule  peut-etre  envisagde  sous  trois  modes ;  4  la  demande  (cmi  attend  que  le  pilote  reprenne  de 
lul  mdme  les  commandes),  en  dvaluani  activement  I'dtat  du  pilote  (avec  un  systdme  d'dvaluunon  de  la  qualitd  de  la  reprise  de 

conscience;  cette  solution  vdrifte  que  le  pilote  reprend  les  commandes  dans  de  bonnes  conditions  de  conscience),  ou  encore  cn 
fonction  de  la  situation  taetique;  compte  tenu  de  I’amndsle  du  pilote,  U  pourrait  due  gdnd  pour  comprendre.  et  done  pour  poursuivre 
cite  manoeuvre  engagde  pur  un  systdme  4  compdtencc  taetique;  le  systdme  pourrait  done  attendre  la  fin  de  cette  manoeuvre  avam  de 
rendre  la  main  au  pilote;  il  faut  timer  dgalement  qu'un  gestionnaire  taetique  ne  touchcra  pas  qu'4  la  trajectoire;  il  pourra  -ou  devra-  se 
servir  du  radar,  des  comre-mesures,  de  certaines  ressources  systdmes;  en  bref,  11  positionnera  It  systdme  avion  dans  une 
configuration  nouvelle  dom  il  faudra  rendne  compte  au  pilote  sacham  que  ce  dernier  ittlsonnera  comme  si  ricn  n'avait  changd  (du  fait 
de  1'amndsie). 

Ces  diffdrents  niveaux  de  rdalisation  possible  conduisent  4  cinq  types  de  systdmes: 

1  js  systdmes  de  type  1  sont  les  systdmes  de  bases,  encore  appelds  "recovery  systems":  ils  ne  s'appliqucnt  que  temps  de  paix  et 
component  une  detection  semi-automatique  de  perte  de  connaissance  (supposant  une  interrogation  dtrecte  du  pilote)  ddclenehde  sur 
des  paramdtres  uds  simples  4  rdcupdrer  et  non  invasifs  (jolt,  g,  attitude  avion,  pression  commandes,  position  idle,  etc) ;  le  systdme 
effectue  une  remise  4  plat  autoritaire  et  une  recherche  d'altitude  non  conflictuelle  avec  le  terrain,  la  reprise  en  main  s'effectue  sur 
ddcision  du  pilote.  Le  ddclenchemem  peut-dtre  limild  4  un  volume  adricn  donnd  (une  altitude  seuil  par  cxcmple);  dans  ce  dernier  cas, 
ils  sont  moins  comnignams  pour  le  pilote. 

La  force  premidre  de  ces  systdmes  de  type  I  est  leur  prugmatisme:  il  n  exigent  aucune  thdorie  de  la  situation,  qu'elle  soil  buv 
mddicale  (thdorie  du  Gloc)  ou  taetique  (thdorie  sur  la  comprehension  de  sedne).  Ils  sont  qtrast-opdrationnels  nux  USA  et  pourraient 
dtre  rapidementdisponibles  en  France  (1992-1995). 

Les  systdmes  de  type  2  sont  des  "recovery  systems"  plus  sophistiquds  que  les  prdeddents  essenliellement  parcequ'ils  sont  basis 
sur  une  thdorie  bio-mddicale  du  Gloc,  Dans  ce  cas,  le  recueil  de  uds  peu  de  paramdtres  elds  bio-mddicaux  est  suffisant  au  diagnostic: 
le  systdme  est  nomulemeni  plus  efficace  que  le  systdme  de  type  1  (4  la  rd serve  prds  de  la  qualitd  d'extraction  du  ou  des  signaux 
biologiques);  ill  peuvent  dtre  a  ddclenchemem  complement  automatique  (dviiant  uinsi  les  dialogues  de  confirmation)  mais  ils  restent 
des  systdmes  tempi  de  paix  puisqu'il.s  sont  ddmunis  de  moddles  tactiques.  Des  systdmes  hybrides  entre  le  type  1  et  le  type  2 
(utilisation  d ’indices  bio-mddicaux  sur  des  hypothdses  thdoriques,  couplds  4  des  indices  pragmadques  de  type  comextuels)  pourraient 
dtre  en  service  asser  rapiderrvent  mais  ils  n'oiu  pas  encore  fait  la  preuve  qu'ils  dtaient  meilleurs  que  des  systdmes  plus  simples  de  type 
1 .  Des  systdmes  de  type  2  compldtement  automatiques  ne  devraient  pas  due  disponibles  avani  2000-  2005. 

Ldi  systdmes  dc  type  i.sont  des  systdmes  temps  de  guerre  destinds  4  supplder  aux  penes  de  connaissances  pilotrs;  ils 
component  un  module  de  diagnostic  de  la  perte  de  connaissance  et  de  la  reprise  de  conscience  provciquant  moins  dc  faux-positifs  que 
les  systdmes  de  type  2. 11s  sont  couplds  4  un  gestionnaire  taetique  de  la  trajectoire  (  panic  du  copilote  dlectnonique)  qui  ne  fait  pus 
panic  du  filet  de  sauvegarde  au  sens  ptopre  mais  qui  en  dirige  l'usage.  tis  doivent  done  dtre  basds  sur  une  thdorie  de  la  situation  (qui 
peut  se  limiter  aux  aspects  tactiques;  les  aspects  de  diagnostic  de  perte  de  conscience  peuvant  dtre  rdglds  sur  le  me  me  mode  semi- 
automatique  que  les  systdmes  de  type  1 ).  Ils  ne  devraient  pas  dtre  disponibles  avant  2005-2010. 

las  svstdme;  de  type  q  sont  des  systdmes  temps  de  guerre  desunds  4  oarer  aux  menaces  immddiates  en  respectant  I’enveloppe 
physiologique  du  pilote,  mais  allant  dventuellement  jusqu'au  risque  ae  perte  de  conscience.  Ils  component  un  moddle  de 


l'enveloppe  physlologique  du  pilot;,  un  systtime  de  test  de  ttpi;  ••  ck  conscience  et  un  gestionnaire  tactique  de  la  trajectolrc.  [Is 
poumtient  title  dlsponibles  pour  la  gtintirution  d'avions  3  venir :  I'EFA  Anglais,  I'ATC  Amtiricain  el  peut-ttre  I'ACF  Ffanyais  (2005- 
2010). 

Enfln.  lea  svsitmes  de  type  3  seraient  del  systtimcs  capable!  de  proven Ir  les  penes  de  connaissance;  bien  que  ces  systtimes 
paraissent  dtijl  peu  rtialistes  pour  des  ml  sons  puirmem  techniques  (absence  de  modules  thtioriques  des  pr6mk.es  de  la  perte  de 
conscience),  ils  poscni  une  autre  question  qul  dent  it  Icur  Intertit  strattigique  :  les  pilotes  optiratlonnels  accepteroni-ils  de  se  privet  du 
donutine  de  vol  attaint  avec  la  perte  de  connaissance? 

On  constate  I  I'examen  de  cea  systtimes  une  tividente  hitirarchle  de  compiexitti  qui  se  retrouve  dans  les  dtilais  de  mise  en 
service.  La  logique  voudntit  que  Ton  impltiment*  trts  vile  les  systtimes  les  plus  simples.  Mais  cette  evolution  par  palters  successes, 
temps  de  paix,  puis  tempi  de  guerre,  n’est  pas  sans  poser  questions  sur  1'usage  que  pounont  en  falre  les  pilotes :  lei  pilotes  habitutis 
a  ces  syttmes  auront  peut-titre  du  mal  )  s'en  passer,  les  prises  de  risques  seront  peut-titre  excessive!  en  ['absence  du  systtime... ou 
Invencment,  la  philosophic  d'emplol  operation  nelle  resle  compete  mem  3  dtifmir  en  ce  domaine;  [‘article  de  Me  Bride  &  al  (metric 
ouvrage)  imroduit  ce  type  de  discussion. 


■I.Disgusalon  sur  lea  aspects  nsvchn-nhvslolneiuuci 


Ilya  quelques  annties  dans  les  congrts  de  mtidecine  atirospatiale,  un  des  thtimes  essentiels  titait  celui  des  penes  de 
connaissancei  bru taler  en  vol  Utica  aux  acctiltimdons  de  haut  niveau  et  engendrant  des  accidents  avec  pene  d'avions  et  de  pilotes.  Les 
difftirentes  nations  posstidant  de  tels  avions  pttisenuient  leurs  statistiques  et  essayaient  de  dtigager  des  mesures  de  prevention 
(Johanaon  St  Pheetiy,  1988).  Certains  facteurs  comme  1'flge,  le  poids,  la  taille  ne  semblent  pas  determinants.  Par  contre 
l'efficacltti  des  protection  antiG  et  I'entrainement  physique  des  pilotes  paralssent  essentiels. 

A  Pheure  actuelle  les  GLOC  sont  toujours  tivoquties  dans  les  congrtis  mais  e'est  beaucoup  plus  pour  discuter  les 
mticanismes  physiologiques  litis  de  leur  dticlenchemem,  et  discuter  les  moyens  de  les  prtivenir.  ir  dtibat  s'est  dtipassionnti,  des 
trnvaux  minutieux  doivent  etre  mentis  pour  mieux  connaitre  ces  phtinomtines.  De  nombttux  laboratoires  de  recherches  dans  le  monde 
travaillent  en  profondeur  sur  ce  sujet. 

3-1  Particularittis  des  Gloc: 

De  nombreuses  publications  ont  prtisentti  It  description  et  les  particularittis  des  GLOC.  Nous  ne  ferons  que  reprendre 
rapidemem  les  points  essentiels  qui  peuvent  etre  dtigagtis  de  l  ensemblc  de  la  litttirahire  (Me  Naughlon  &  Gilligham,  1983, 
Burton,  1988), 

•Le  nombre  de  GLOC  augment;  tous  les  ans  du  fait  de  I'accToissement  des  possibilittis  techniques  des  avions  dans  le 

domaine  de  leurs  tivolutions  rapides.  Les  GLOC  tuent,  non  seulement  pour  les  avions  3  hautes  performances,  mais  aussi  pour  des 
avions  plus  humbles  mais  dans  lesquels  les  pilotes  ne  sont  pas  tiqulptis  de  protection  antiG. 

-La  marge  entre  I'apparition  de  signet  visuels  et  la  perte  de  conscience  es:  vraiment  trtis  titroite.  Avec  des  mises  en 
acctiltirations  rapides,  la  pen;  de  connaissance  peut  apparaitre  sans  prodrome,  en  particulier  visuels. 

-La  perte  de  connaissance  peut  durer  longtemps  (103  20  secondes). 

■L'amntisie  de  cet  tivenemem  est  la  rtigle. 

-Certaines  pertes  de  connaissances  peuvem  etre  prtivenues  par  un  entraincment,  une  preparation  et  un  tiquipement 
approoriti.  De  nombreuses  mesures  ont  titti  prises  dans  ce  domaine.  Nous  les  memionnerons  uhtirieurement. 

II  y  a  toutefois  un  point  qui  n  est  pas  bien  connu  et  souvent  mal  explorti,  cest  la  ptiriode  d'incapacitation.  Nous 
reprendrons  la  description  qu'en  a  fait  Whinnery  tilt  al  (1982).  L'incepaciwtion  touile  est  la  somme  dune  incapacitation  absolue 
ok  le  sujet  a  complement  perdu  conscience  et  d'une  incapacitation  relative  oil  il  repnend  progressivement  conscience  (mais  il 
tiprouve  des  difficulttis  pour  rtialiser  des  traitements  d'informations  sophistiqutis  comme  cm  en  rencontre  couramment  dans  la  tiche  de 
pilotage).  Cette  ptiriode  d’incapacitation  relative  a  titti  tituditie  par  Houghton  el  al  (198S),  Forster  &  Whinnery  (1988), 
Whinnery  &al  (1989)  sur  le  plan  de  la  performance.  Des  ttiches  comportant  des  mesures  de  temps  de  rtiaction,  de  rtisolution  de 
probitime  et  de  tracking  ont  titti  itialisties  en  centrifugeuse  sur  un  petit  nombre  de  sujets.  Pour  toutes  les  inches  complexes  exceptti  le 
tracking  les  performances  sont  moins  bonnes  dans  la  minute  qui  suit  la  pene  de  connaissance.  Houghton  considtire  aussi  que  la 
normalisation  de  ces  tichcs  secondaires  nticessite  de  2  3  3  minutes  en  fonction  des  sujets.  Cest  ce  temps  qui  semble  le  plus  rtialiste  3 
prendre  en  compte  dans  le  cas  d'une  tiche  complexe  comme  le  pilotage  d’un  avion. 

3-2  Thtiorie*  sur  leurs  apparitions: 

L'titiologie  hypoxique  de  la  pene  de  connaissance  induite  par  les  acctiltirations  est  admise  par  I'ensemble  des  spticialistes  de 
mtidecine  atironautique  mondiaux  (Borredon  (1987),  Cltirt  Si  al  (1987),  Burton  (1988),  Whinnery  (1988)).  Quand 
I'intensitti  des  acctiltirations  centri piles  est  suffisommem  grande  et  leur  vitesse  duplication  sufftsamment  lente,  le  sang  a  tendance  3 
s'tivacuer  dans  la  pnrtie  bass;  du  corps.  Cette  explication  des  modifications  de  la  perfusion  ctirtibrale  a  trouv<  de  nombreuses  preuves 
exptirimentaies.  La  plupart  des  mtithodes  d’exploration  s'attache  3  suivre  des  paramticres  physiologiques  impliqutis  dans  cette  thtiorie. 
Les  mesures  de  protection  et  de  prfvemion  des  penes  de  connaissance  lities  aux  acctiltirations  sont  aussi  dtirivties  directement  de  cell;- 
ci. 

Mais  les  penes  de  connaissance  en  vol  des  pilotes  subissant  des  acctiltirations  de  forte  intensitti  et  de  jolts  tilevtis.  sont  au 
plan  clinique  difftirentes  des  pertes  de  connaissance  provoquties  par  des  acctiltirations  plus  lemement  titablies  (faible  jolt).  Quandieu 
(1989),  considtirant  que  ies  forces  engenders  par  ce  type  d  egression  sont  des  forces  de  volume  et  non  des  forces  de  surface, 
propose  une  explication  purement  physique  de  ces  pertes  de  connaissance  sous  jolt  tilevti.  Par  augmentation  des  contraintes 
mticaniques  intratlssulaires,  une  hypenension  intracranienne  peut  se  produire.  Cette  hypothtise  est  en  cours  de  validation.  Si  elie 
s'avtirait  confirmtie,  ce!3  aurait  pour  constiquence  de  remettre  directement  en  cause  les  mtithodes  de  protection  utilisties  jusqu'alors. 
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3-3  Mtthodea  d'eaploratlon: 

La  demarche  expyrimenuk  pouf  vallder  ces  theories  port*  sur  le  recueil  d  un  ou  plusleuw  paramiuts  physiologiques  en  relation 
avec  lei  theories  dvoqufes  prtcddemment. 

Aitui  de  nombreusei  mdtbodei  d'exploration  cardio  vaiculaire  non  invulve*  ct  invaslvei  ont  <te  utilise*!  pour  valider  lei 
hypotheses.  On  clter*  .  <ans  fire  exhftustif,  let  enregistremenu  de  tithme  cardiac ue,  les  mesuits  de  preulott  aiterielle.  D'autrei 
panunfttres  prennem  en  com  pie  la  perfusion  cerebral  e:  citons  la  mesure  de  la  vitesse  d'dcoulcment  sanguin  au  niveau  camtidien, 
temporal  ou  de  1‘artire  cdiebndc  moyenne. 

Pamti  les  mdthodes  lourdes,  citons  Olalster  (1988)  qulemploieundftecteurderoxygftnelntracellulaireln  vivo  en  utUisant  4 
longueurs  d'ondes  dans  le  proche  infrarouge  (OMNI-4).  Cet  appiuell  eat  capable  de  mesurer  au  niveau  du  cerveau,  les  quantitls 
relatives  d'hemoglobine,  doxyhemoglobine,  de  volume  sanguin  et  l'fut  oxydatif  de  la  cytochrome -c-oxydase.  Cet  appareillage 
fonctionne  en  centrifugeuse.  Se  posent  des  problimes  d'industhalisation  et  d"  avlonability". 

Whinnery  St  al  (1987)  ont  analyse  les  difTerentes  technique!  de  detection  de  perte  de  connaiisance,  La  veiocimetrie  parait 
itre  une  methode  interessame  d'autant  qu'elle  pcrmcttrait  de  detccter  I'imminence  d'une  perte  de  connaissance.  Les  resulted 
rapportes  en  France  par  Otsard  St  al  (1990)  utilisantle  Doppler  transcranien  ne  sont  toutefois  pas  aussi  convaincanl. 

3- 4  Mesurea  actuelles  prises  pour  evlter  Its  (Hoc: 

Pour  I'instant  ces  mesures  sont  toutes  oricnties  par  la  theorie  cardio  vasculaire.  II  fuut  fvitcr  le  stockage  sanguin 
peripherique  afin  de  facillter  la  perfusion  cyrebrale  et  dviter  ces  episodes  dhypoxie  ceretrrule.  Par  consequent  les  moyens  suivants 
sont  utilises: 

-Sldge  incline 

-Manoeuvres  de  contraction  des  muscles  abdominaux  (type  M 1 ) 

-Panic ion  antiG  et  amelioration  des  lois  de  gonflagc  avec  yventue1'  •'rent  anticipation 

-Respiration  en  surpression. 

•Entrainemem  physique  general 

-Emrainement  en  centrifugeuse 

Ces  mesures,  si  elles  s'avercnt  d'une  cfficacite  variable,  ne  sont  que  des  mesures  a  pnon  preventives.  Elies  doivent  permettre 
theoriquement  en  jouant  sur  les  facteurs  physiologiques  reputes  en  cause  de  diminucr  ioccurence  des  Gloc.  Elles  ne  permettent  en 
aucun  cas  de  diagnostiquer  en  temps  rdel  I'dtat  de  conscience  du  pilote. 

j-5  outils  de  mesures  physiologiques  utilisables  en  voi,  et  done  potentiellement  integrates  it  un  filet 

de  sauvegarde 

Les  outils  de  mesure  de  para  metres  physiologique  utilisables  dans  le  cadre  du  filet  de  sauvegarde  doivent  sadsfuire  plusicurs 
conunintes:  contraintc  de  qualite  et  de  stabilite  du  signal  sous  facteurs  de  charge,  contrainte  d’equipement ,  dc  con  fori  et  de  sCcurite 
pilote,  ct  compadble  avec  des  analyse  temps  rfel  (problime  d'fchundllonage  et  de  traitement), 

Li  encore,  comnte  pour  le  paragraphe  pnfcCdcnt,  i  I’heure  actuclle  les  parantfues  i  prendre  en  compte  appartiennem  pour 

beaucoup  au  syst&tne  cardiovasculaire. 

Le  plus  facile  ft  enreglstrcr  est  sflremcnt  lflectrocaidiognunme,  mime  dans  des  conditions  de  vul  extremes  (Quandieu  &  0|, 
198H).  Cc  seul  facteur  est  toutefois  insuffisant  pour  ftabiir  un  diagnostic  de  Gloc.  II  en  est  de  m£me  des  difterenis  rccucils 
electrophysiologiques (KMG,  EOG. . 

L-e  doppler  transcranien  intfgrf  au  casque  du  pilote,  ivuluant  (irrigation  sanguine  cfr<hrale  a  dgaiement  ftf  proposy.  II  est 
utilise  en  centrifugeuse  et  il  est  dfji  "avionf''  aux  Htats-Unis.  Mesure  prometteuse.  mais  la  quality  .  la  stability  du  signal  ct  la 
contrainte  pour  le  pilote  sont  encore  &  amdiorer. 

Le  rythme  respiratoift  est  facile  ft  recuetllir,  mais  comme  lECG,  difficile  ft  corrfler  au  Gloc. 

Uautrcs  f laments  comme  la  pression  sur  les  commandes  sont  des  paramfires  tommunfment  suivis  en  centrifugeuse.  la 
variability  des  rfsultaLs  ne  pcrmei  pas  une  utilisation  simple  de  cet  yiymem. 

La  voix  est  enregistrfe  systymatiquement  mats  non  analyse  en  ligne.  II  sembleraii  que  certains  composams  (formans)  soient  de 
bons  indices  pour  cstimer  la  quality  de  la  reprise  de  conscience. 

Pour  un  pilote  Cquipy  d  un  dtsposiuf  de  visuel  de  casque  avec  dyierminatioti  de  la  position  de  la  tete,  la  position  de  la  tete 
pourratt  ygalement  ctre  un  facteur  bien  coo-yiy  au  Gloc  mais  il  manque  I'exisience  d  une  base  de  donndrs  :  en  dehors  de  quelques 
travaux  menys  en  centrifugeuse,  aucune  ytude  ne  peut  faire  6tal  des  "enveloppes"  de  mouvements  de  tete  dans  les  vols  reels 
intpliquam  des  phases  de  voi  susccptiblcs  de  prtxiuire  dcs  Gloc.  Enftn.  ft  I'avenir,  en  plus  de  la  dytection  des  mouvements  de  tclte,  Ic 
couplagede  i'oculomytrie  permettrait  non  seulement  de  connaitre  la  direction  du  regard  du  pilote  mais  ygalement  1'tftat  de  sen  systime 
visuel  (fermeture  temporaire  des  yeux).  Dans  ces  demiers  cas  tout  un  champ  deludes  est  ft  entreprendre.  De  rets  cri tires  sont  peut- 
itre  trts  intyressants  mais  I'ftat  des  recherches  est  soit  confidenticl,  soit  absent. 

Dans  tous  les  cas.  nous  en  sommes  encore  au  niveau  de  la  faisability  de  la  prise  en  compte  de  certains  paramytres  spyeifiques  du 
pilote.  11  ne  s'agit  pas  d'une  fin  en  soi,  ni  du  filet  de  sauvegarde  lui-mime.  Une  base  de  donnyes  et  1'yutblisscmcm  dcs  ryfyrcnces 
doivent  itre  ytablis,  Cest  seulement  ft  partir  de  1ft  que  I'on  pourra  envisager  I'ytape  suivante  pemtettam  d'effectuer  un  diagnostic  de 
1'ytat  de  conscience  du  pilote. 

4- Dlsciminn  sur  lex  aspects  Infurmatiq  uex 

Larch itecture  informatique  doit  rypondre  ft  trots  types  de  questions  :  diagnostiquer  la  perte  de  connaissance.  diagnostiquer  la 
reprise  de  conscience  et  rendre  les  commandes  dans  de  bonnes  conditions,  et  enftn  donner  des  informations  sur  I'envcloppe 
physiologique  humalne  au  module  chargy  de  la  trajectoire. 

II  doit  par  ailleuK,  dis  lors  qu’il  s'agit  de  gyrer  tactiquement  la  trajectoire  (applications  temps  de  guerre),  Stre  connect  ft  des 
fonctlons  supyrieures  de  I'appareil  :  gesuonnatre  taenque,  systftme  de  contre-mesures,  etc,  qui  peuvent  etre  ccntraJisyes  dans  un 
copilote yiectronique  ou  distribuyes  dans  un  rfseau  de  modules  spyciatisys  (figure  I ). 

Le  choix  de  ('architecture  informatique  sera  dfpendant  (I)  de  la  ddfinltion  de  la  lisle  des  paramitres  ft  prendre  en  compte  :  indices 
psyche  physiologiques,  variables  de  i'environnement,  etc;  (il)  de  la  man  lire  de  rtsoudre  le  problime  de  la  decision  sur  la  prise 
autoritiure  des  commandes. 

(i)  Sur  un  plan  formel,  compte  tenu  de  I'incertitude  asse*  forte  de  chacun  des  paramfttres  pouvant  ytre  pris  en  compte,  qu'ils 
soient  contextuels,  componementaux  ou  psycho-  physiologiques,  il  sera  ndeessaire  de  recoupcr  les  infoonations  entire  elles  et  dc 
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considlrer  plusieurs  paramitres.  malt  pu  trop  pouf  ne  pas  ralentlr  les  performances.  Dis  Ion  bolt  types  de  entires  peuvent 
permettre  de  pier  les  paramitres  retenus  dans  k  systime  operation  net:  leur  pertinence  en  regard  de  la  pene  ou  de  la  reprise  de 
conscience,  leur  simplicity  d'acquisition  (minimiser  les  capteurs  btologiques),  et  leur  fiabllitl.  Les  paramitres  de  comextes 
pentietuom  de  toutes  talons  de  rtduire  le  domainc  de  surveillance  en  lllminant  les  contextes  ou  le  risque  de  Oloc  est  tris  faible 
(croislire,  nav  TB A,  etc) ;  la  mlse  en  mode  combat  pourrait  itre  1'argument  dlclenchant. 

Rappelons  lei  que  les  systimes  de  type  1  rcprlsement  un  cas  partkulier  et  tri*  simple  de  solution  d 'architecture  du  filet  de 
sauvegaide.  Ces  systimes  semi-automatiques  sent  en  effet  basis  sur  une  grande  pragmatique  du  domatne,  ne  ndeessitam  pas  de 
thiorie  pour  choisir  les  para  mitres,;  lls  som  tris  imparfaits  mail  pondirem  leurs  Insuffisances  en  utillsant  un  dialogue  de 
confirmation  systimadque  avec  le  pilote.  De  tels  systimes  peuvent  itre  utilises  sans  gesuonnaire  tacdque  (simple  remise  It  plat)  ou 
couplls  1  un  gesdonnaire  tacdque  (et  dans  ce  cas  applicabks  au  temps  de  guerre). 


(ii)  La  meilleure  architecture  Informadque  serai t  celk  qui  minimiserait  les  situations  d'indicisions.  Une  telle  architecture  devrait 
aJors  itre  rkcessairement  basl  sur  I'analyse  d'un  nombre  tris  limitl  de  paramitres,  ,.kalemcnt  un,  parfaitement  Cornell  aux  Oloc;  on 
peut  penser  que  de  telles  mesures  existeront  le  Jour  ou  les  scientiftques  possideront  une  thiorie  homoginc  du  Oloc  et  des  mesurrs  1 
ia  hauteur  de  cctte  thiorie. 

D'ici  Ik,  le  problime  de  I'indlcision  est  bien  le  problime  majeur  k  rlsoudre.  Deux  strategies  peuvent  itre  envisages: 
I'approche  sudsdque  et  I'approche  IA. 

Dans  le  premier  cas,  le  systime  est  bail  sut  dcs  analyses  muld  factoriclles;  on  recherche  les  correlations  entre  un  ensemble  de 
valeurs  disponibles  et  dcs  groupements  de  valcurs  dijk  rencontries  dans  des  Gloc  ("patterns")  et  mimorisls  dans  le  systime.  SI  une 
Identification  sufTuante  est  obtenue,  le  systime  reprend  autoritairemem  les  commandes.  Cette  solution  est  simple  k  mettle  en  oeuvre 
mail  suppose  I'exbience  d'une  base  de  donnies  (patterns)  fiables  et  rtprtsemadfs;  or  cette  base  est  difficile  k  obtenir  puisque  sa 
richesse  ttent  k  I'expirkncede  situations  rlclles  (ividemment  limitle  en  maliire  de  Gloc). 

11  s'a^il  Ik  d'un  viritable  problime  mithodologique  de  fond  qui  est  propre  k  loute  demarche  empiriste  dans  le  domaine  qu'elle 
soil  statistique  ou  IA;  on  peut  recueillir  des  diraines  de  paramitres  en  centrifugeuse  lors  de  Oloc  provoquis  mais  les  variables 
comportemcntales  (e.g.  position  de  la  tele,  presston  sur  les  commandes,  reflexes  de  rlponses  k  des  stimulations)  ne  prennent  jamais 
les  mimes  valeurs  que  dans  le  riel  car  il  n'y  a  pas  de  tache  k  effectuer-et  pas  d'enjeu  riel;  une  base  de  donnies  const  it  ike  en 
centrifugeuse  est  done  extrimemem  approximative  et  probablemem  msuffisante  pour  une  apprnche  statistique  aboutissant  k  une 
didsion  aussi  grave  que  la  ttprisc  en  main  autoritairv  des  commandes.  La  solution  d  une  centrifugeuse  pilotable  par  le  pilote  avec 
univers  de  travail  rialiste  (du  type  de  cellc  du  NADC- Warminster)  est  sans  doutc  plus  valable.  Mais  e'est  la  solution  du  vol  riel  qui 
parait  de  loin  la  plus  efficace,  non  pas  pour  recueillir  des  donnies  sur  la  perte  de  conn&issancc,  mais  pour  ttcucillir  le  volume  de 
variations  normales  des  paramitres  k  surveiller  (e.g:  enveloppe  des  mouvements  en  combat,  mais  aussi  variation  du  dopplcr,  etc). 
Dans  la  mesuie  oil  aucun  paramitre  n  est  diclsif  en  lui-mlme,  situer  qu'il  est  dans  un  domaine  anomal  constitue  une  information 
essentielle  pour  le  systime. 

En  btef  il  convient  de  fairr.  une  distinction  fondamemale  entre 

-1'obtention  de  donnies  explrimcntales  qui  valideraient  une  thiorie  pticise  du  Gloc  ou  qui  valideraient  des  outils  de 
mesures  (capteurs  divers,  etc);  11  s'agil  alors  de  recherches  psycho-physiologiques  et  la  centrifugeuse  est  sans  doute  un  outil 

essemiel . 

-la  constitution  d'une  base  de  donnies  pragmatiques  en  rapport  avec  la  prisence  ou  I'absence  de  Gloc  qui  servirait  un 
systime  concret  de  filet  de  sauvegarde;  dans  ce  cas  la  meilleure  base  de  donnies  sera  issue  du  vol  riel  el  construite  sur  les  enveloppes 
physiologiques  et  comportemcntales  normales  de  pilotes  observies  lors  de  situations  dc  combat, 

L alternative  k  lapprochc  statistique  consiste  k  envisager  une  architecture  IA  (Blackboard?)  succepuble  de  raisonner  sur  les 
divers  paramitres  avec  un  systime  de  tigles  de  dicision.  Ce  type  d'architecture  est  surement  plus  robuste  pour  faire  face  k  des 
iventuelles  impricisions  de  la  base  de  donnies;  les  rigles  tisquent  ce  pendant  d'itre  difficile*  k  ionre  et  I'application  temps  riel  peut 
poser  problime. 


&■ Conclusion 

•  ^  .0***  *  sauve8|lrde  «f  concept  tieem  apparu  en  tiponse  k  la  sutvenue  de  Gloc  sur  les  avions  de  nouvelles  technologies. 
11  s  agit  d  une  tiponse  pragmatique  k  la  perte  de  con  Pole  par  le  pilote  de  la  situation  et  non  dune  explication  de  la  cause  de  cent  perte 
de  comrftle  (mais  cette  demilre  peut  ivdimment  faciliter  riiahlissement  de  la  riponse).  Compte  tenu  de  I'ambiguitl  filet  de 
sauvegarde-Gloc.  la  plupart  des  pubjications  portent  sur  les  micamsmes  des  Gloc  et  non  sur  des  systimes  de  sauvegaide;  dies  sont 
de  nature  midicales.  or  la  technologic  des  systimes  de  sauvegarde  relive  plutSt  du  champ  de  l'inginieu>-,  implique  dcs  savoirs-faires 
k  protiger,  et  se  retrouve  peu  dans  les  publications.  C’est  pricisiment  une  des  raisons  esscntieUes  qui  ont  prisidi  k  I ‘organisation  de 
cette  rencontre  scientifique  pour  que  des  ichanges  puissent  avoir  lieu  entre  les  diffirentes  communautis  scientiftques  et  qu'une 
discussion  puisse  s'instaurer  directemcnt  avec  ds  usager  puur  mieux  difmir  le  besoin  immidiat  et  futur.. 

Dans  tous  les  cas,  le  systime  de  sauvegarde  doit  itre  le  plus  efficace  possible  pour  le  moins  de  contruimcs  sur  I'usager.  Sur  un 
plan  operatic*, tnel,  un  filet  de  sauvegarde  utilisable  en  temps  de  guerre  doit  etre  nicessairement  lii  au  copitote  ilectronique;  k  ce  jour, 
on  ne  dispose  ni  de  I’un,  ni  de  I'autre.  Par  consequent,  soil  on  envisage  un  systime  temps  dc  paix  rapidement  disponible  Itmiti  au 
diagnostic  de  perte  de  connaissance,  soil  on  remet  k  long  terme  le  projet  d'un  filet  de  sauvegarde  qui  puisse  elre  utilisi  temps  de 
guerre;  deux  interrogations  dicoulent  de  ce  constat:  est-il  pertinent  d’entrainer  les  pilotes  sur  un  systime  dont  il  ne  disposcront  plus 
en  temps  de  guerre,  est-il  envisageable  dc  secontenterd'un  systime  tris  simple?. 

En  France.  lim-major  de  I'Armie  de  I'Air  s'est  engagi  k  fidirer  les  diffirents  parties  impliqttis  dans  la  conception  d'un  filet 
dc  sauvegarde  pour  le  prochain  ACT  (opcrutionnels,  avionneur.,,  iquipemenuers,  tnformaticiens.  ergonomes,  midecins...).  La  prise 
en  compte  immediate  de  I'ensemble  du  problime  (y  compris  le  temps  de  guerre)  devrait  permettre  d'aboutir  raisonnablemem  vite  k  la 
conception  d'un  systime  tiellemem  utile-et  utilisable-  pour  les  pilotes . 
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Summary  G-lndilced  loll  of  conic  tollmen  (C-LOC)  is  a  common  event  and  has 
led  to  the  loss  of  many  aircraft  and  aircrew.  White  most  body  systems  are 
ultimately  after  ad,  the  final  common  pith  for  its  initiation  Is  an 
inadequate  supply  of  oxygen  to  the  brain.  Thus,  a  measure  of  cerebral 
oxygen  sufficiency  could  provide  a  specific  monitor  for  incipient  C-LOC  and 
aerve  either  as  a  warning  to  tha  pilot  or  as  a  trigger  for  an  autortcovery 
system.  Hut 1 1  wavelength  near- Infrared  spectrophotometry  permits  the  non- 
invasive  In  vivo  measurement  of  the  oxygen  content  of  blood  within  the 
cerebral  microcirculation,  and  also  of  the  oxygen  status  of  cytochrome -c 
Oxidase  within  the  brsin  cells.  This  technique  has  been  vaidated  In  human 
subjects  during  exposure  to  hypoxia}  in  preiyncope  induced  by  lower  body 
negative  pressure}  arid  during  *Cf  Induced  loss  of  consciousness.  It  is 
considered  that,  as  well  as  providing  sn  important  new  tool  for 
acceleration  research,  the  technique  has  the  potential  to  he  developed  lmo 


an  in-flight  monitor  for  aircrew, 


Based  upon  several  surveys  of  aircrew  popu¬ 
lations,  G-induced  loss  of  consciousness,  or  C-LOC, 
has  an  incidence  of  some  12-J0t  (1-3).  The  figures 
vary  depending  upon  aircrew  experience  (common 
during  training)}  aircraft  type  (more  common  on 
aircraft  with  a  high  sustained  G  capability);  the 
use  and  reliability  of  anci-G  equipment  (many 
training  aircraft  are  not  fitted  with  an  anti-C 
system,  yet  are  capable  of  pulling  *5-6Gt,  whilst 
inadvertent  disconnection  of  the  NATO  standard 
anti-C  suit  connector  is  not  unknown);  the  accuracy 
ol  reporting  (centri'uge  G-LOC  subjects  are  often 
unaware  of  their  C-LOC  episode  and  the  same  may  be 
true  In  flight);  the  3-onsct  rate;  and  a  nost  of 
other  factors.  However,  the  overall  finding  is 
that  one  In  five  aircrew  will  have  experienced  at 
least  one  episode  of  In-flight  loss  of 
consciousness  due  to  *GX  acceleration  during  their 
flying  career.  It  is  not  surprising,  therefore, 
thst  losses  of  aircraft  and  aircrew  attributcble  to 
G-LOC  ere  reputedly  into  double  figures  in  the  US 
alone,  though  to  date,  no  comprehensive  survey  of 
accident  statistics  specifically  related  to  C-LOC 
has  been  published. 

While  recent  improvements  in  G-protective 
systems,  particularly  the  combination  of  extended 
coverage  anti-G  trousers  and  pressure  breathing 
(PBC)  have  produced  a  dramatic  increase  in 
tolerance  such  that  aircrew  can  be  expected  to 
sustain  at  least  rflGj,  without  the  need  to  perform 
an  antt-G  straining  manoeuvre  (ACSM)  (A),  the  *-9Gx 
capability  of  the  curtent  generation  of  agile 
aircraft  means  that  some  voluntary  effort  will 
still  be  required  even  when  these  new  systems 
be-, me  operat Innal .  There  will,  therefore,  remain 
situations  in  which  G-LOC  will  be  an  operational 
possibility,  either  because  of  Failure  to  perform 
an  effective  ACSM,  or  through  the  failure  to 
perceive  its  need  vith  a  rapid  onset  of 
acceleration,  under  which  condition  G-LOC  may  occur 
without  the  premonitory  warning  of  visual  symptoms. 
Furl  hermore ,  no  xnti-G  system  can  be  sade  10QT 
reliable  and  future  aircraft  can  be  expected  to 
exceed  comfortably  the  »9C?  performance  of  current 
aircraft.  Undoubtably,  C-LOC  will  remain  a 
potential  problem  for  as  lung  as  men  fly  agile  air¬ 
craft  whilst  seated  in  such  a  posture  that  a 
significant  component  of  the  C  force  is  directed 
aiuug  the  *C,,axis  of  the  body. 

If  the  possibility  of  G-LOC  cannot  be  precluded, 
then  the  consequent  risk  of  aircraft  loss  and 
aircrew  fatality  can  still  be  avoided  if  the  G-  I.OC 


can  be  detected  in  time  to  initiate  an  automatic 
recovery  system  (5).  One  possibility  is  to  mumtor 
the  performance  of  the  pilot  in  order  to  detect,  as 
soon  ax  possible,  some  reliable  indication  ol  a  G- 
LOC.  Such  a  system  could  monitor  the  pilot's 
intelligent  use  of  the  controls,  or  even  make  use 
of  EEC  analysis.  A  major  disadvantage  of  this 
approach  is  that  the  G-LOC  must  be  allowed  to 
develop  before  any  corrective  action  can  be  taken. 
Even  if  the  autorecovery  were  effective,  the 
pilot's  ability  tD  fight  would  be  denied  to  him  at 
the  very  time  that  it  was  nost  needed  and  his 
chances  of  surviving  a  combat  engagement  would  be 
close  to  aero.  For  application  to  the  training 
role,  though,  this  approach  has  the  merit  of 
simplicity  tn  that  it  could  make  use  of  state-of- 
the-att  technology,  most  of  which  already  exists  in 
a  combat  aircraft's  control  computers.  Figure  1 
shows  the  logic  for  a  proposed  system  which 
monitors  th-ee  inputs  -  alrcrsft  acceleration,  the 
position  of  the  pilot's  head  (up  or  down),  and  his 
grip  on  the  stick. 
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Fig.  1.  Operation  of  a  three  sensor  C-LOC 
detector  system. 


Thus,  if  the  aircraft  remains  boljw  +  3G,,  no 
action  is  taken  whatuver  the  pilot  is  doing,  while 
at  greater  G  levels  he  will  be  interrogated  should 
ho  nod  his  head,  or  slacken  the  grip  of  his  hand  on 
the  stick.  Failing  a  positive  response,  G-LOC 
would  be  assumed  and  the  aircraft  recovered 
automat  V -a  1 1 y .  Since  interrogation  takes  further 
time,  a  third  mode  of  immediate  initiation  of 
recovery  would  operate  above  eJCj  when  the  head 
nods  and  the  hand  becomes  slack  simultaneously.  To 
reduce  the  incidence  of  inadvertent  operation,  the 
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C  iahSOt  would  review  Che  recent  Aircraft  history 
of  0  exposure  and  apply  a  suitable  algorithm  based 
upon  a  conservative  G/ttme  tolerance  curve. 

A  more  rewarding  approach  to  the  problem  of  G-I.OC 
in  flight  is  to  monitor  the  pilot  in  such  a  way 
that  incipient  loss  of  consciousness  is  detected 
and  s  warning  given  such  that  he  can  remain  in 
control,  albeit  at  a  voluntarily  reduced  level  of 
*CK,  This  is  a  far  harder  problem  because,  despite 
the  vast  literature,  little  is  known  about  the 
precise  mechanism  of  C-LOC  -  other  than  that,  In 
general,  it  follows  a  period  of  Inadequate  blood 
supply  to  the  brain  with  a  resulting  deficiency  In 
oxygen  supply  to  cerebral  tissue, 

Short  term  (1.0s  *) 

Increased  pressure  drop,  heart  to  head 
-•-Keduced  arterial  pressure  at  head  level 
Inadequate  cerebral  blood  flow 

Cerebral  oxvgoi  Insufficiency  ■<* - 

Less  of  consciousness 

Longer  term  (5- 10s  +) 

— lleduccd  venous  return  and  cardiac  output 
Ventllntion/pcrfuslon  inequalities  — - 


Fig.  2.  The  basic  mechanism  of  C-LOC. 


This  mechanism  is  summarised  in  Figure  2,  from 
which  it  may  be  seen  that  the  C-induccd  hydrostatic 
pressure  gradient  causes  a  fall  In  blood  pressure, 
and  consequently  In  blood  flow,  at  the  level  of  the 
head.  In  the  longer  term  this  fsll  ts  exacerbated 
by  a  decreased  output  ol  blood  and  pressure  at 
heart  level,  while  the  ensuing  oxygen  insufficiency 
is  further  exacerbated  by  a  decrease  in  the  oxygen 
content  of  any  arterial  blood  which  does  roach  the 
brain  caused  by  G-induced  vent t lat i on/per f us  i  on 
inequalities  in  the  lungs. 

Several  approaches  have  been  made  in  order  to 
monitor  changes  in  the  circulation  more  or  less 
related  to  cerabral  perfusion.  These  have  included 
ear  opacity  i 6 )  (the  pressure  or  absence  of 
arterial  pulsation  at  brain  level);  blood  pressure 
at  head  leveL  (now  obtainable  non- i nvas i vely  from  a 
finger  (7));  and  blood  flow  in  a  superficial  artery 
(such  as  the  temporal  artery)  using  Doppler 
techniques  (8).  All  of  these  measures  have  been 
shown  to  change  during,  nr  preceding  C-LOC,  but 
they  all  alsu  show  comparable  changed  at  high 
levels  of  *CZ  in  the  absence  of  G-LOC.  This  is 
unsurprising  as  they  are  all  related  in  some  way  to 
pressure  and  flow  in  the  external  carotid  artery, 
while  the  brain  gets  its  supply  from  the  internal 
carotid  artery.  Cerebral  blood  flow  depends  upon 
specific  control  mechanisms  (for  example,  excess 
COj  dilates  cerebral  vessels  but  reflexly  con¬ 
stricts  those  elsewhere  in  the  body),  and  unique 
vascular  mechanics.  The  brain  is  enclosed  in  rt.e 
rigid  cranium  and  blood  flow  will  be  modified  by 
changes  in  intracranial  pressure  as  well  as  by  the 
venous  siphon  effect  demonstrated  by  Henry  et  al  as 
early  as  19S1  (9).  For  obvious  technical  and 
ethical  reasons,  little  is  known  about  the  role  of 
cerebro-spinal  fluid  (CSF)  pressure  in  controlling 
cerebral  blood  flow  in  man  at  high  *0  .  An 
increase  in  CSF  pressure  impedes  flow  in  other 
experimental  situation  and  a  decrease,  caused  by 
the  hydrostatic  pressure  gradient  doun  the  spinal 
canal,  would  be  expected  to  keep  the  cerebral 
capillaiics  and  veinj  open  and  to  enhance  flow 


during  exposures  to  +Gf,  Cross  diuerepanciec  in 
flow  between  the  two  branches  of  the  common  carotid 
artery  ere,  therefore,  likely  under  conditions 
predisposing  to  G-LOC. 

To  be  effective  in  anticipating  G-LOC,  therefore, 
a  monitoring  system  must  be  directed  to  phenomena 
related  fa  flow  in  the  internal  carotid  artery  and. 
Ideally,  at  the  final  common  path  to  G-LOC, 
cerebral  tissue  oxygen  sufficiency  at  the  cellular 
level , 

A  monitoring  system  for  use  on  aircrew  must  not 
add  to  pilot  workload  and,  If  aircrew  are  to  have 
confidence  in  it,  its  application  to  autorecovery 
must  be  free  from  false  positive,  or  false  negative 
responses.  in  addition,  the  system  must  be  non- 
Invasive,  non-cumbcr some,  compatible  with  other 
aircrew  equipment,  and,  Ideally,  the  subject  should 
be  unaware  of  its  presence.  One  possibility  Is  Lhe 
use  of  transcranial  Doppler  to  monitor  blood  flow 
in  the  middle  cerebral  artery.  This  vessel 
supplies  a  large  area  of  lhe  cerebral  cortex  and  a 
critical  reduction  in  flow  would  be  ex pec  Led  to 
precede  a  G-l.OC  by  several  seconds.  However,  the 
positioning  of  thu  sensor  has  to  be  very  precise, 
probably  more  so  even  than  that  for  helmet  mounted 
sights  and  displays,  and  Lhnugti  I  tie  principle  has 
been  demonstrated  in  centrifuge  studies  (Marcus! 
Cl&re:  personal  coinnuini  cat  ions ) ,  It  should  be  noted 
that  it  would  fail  to  detect  any  component  to  G-LOC 
contributed  by  arterial  oxygen  dosa t ura l i on , 
Another  possibility  which  has  been  evaluated  on  the 
centrifuge  and  which  overcomes  this  criticism  is 
the  uie  of  mul t i wavel ength  near-infrared  spuciru- 
pholometry  to  monitor  the  oxygen  status  of  the 
brain  tissue  (10). 

The  production  of  energy  ulihin  the  brain,  and 
hence  the  maintenance  of  brain  function  and 
consciousness,  is  dependent  upon  a  series  of 
chemical  reactions  in  which,  basically,  glucose  is 
oxidised  Lo  produce  carbon  dioxide  and  water.  Thu 
last  link  in  thLs  chain  Involves  the  ensyme 
cytochrome-e  oxidase  which  controls  9DX  ol  the 
brain's  oxygen  utilisation.  In  its  oxidised  state, 
this  onaywe  has  a  weak  absorption  band  tn  the  near- 
infrared  region  of  the  electromagnetic  spectrum 
which  disappears  upon  reduction.  Reduced  and 
oxygenated  haemoglobins  also  have  specific,  and 
stronger  absorption  spectra  tn  the  near-infrared 
(Fig  3).  While  skin,  bone  and  brain  tissue  are 


Wavelength  (nm) 

Fig.  3.  Near-infrared  absorption  spectra 
for  haemoglobin  (Hb),  oxyhaemo- 
glnbin  (ItbOa)  and  for  oxidised 
minus  reduced  cycochrome-c  nvidase 
(a.aj).  (Nr •  to  scale) . 


relatively  opaque  to  light  In  the  vlaible  pert  of 
the  jp'oelrum,  end  water  present  In  tissues  absorbs 
photons  over  most  of  the  infrared  region,  there  is 
a  window  in  the  near-infrared  within  which  aomu 
l OX  of  photons  are  transmitted  per  centimetre  of 
tissue.  By  studying  the  relative  transmission  of 
selected  wavelengths  of  the  near-infrared  end 
applying  appropriate  algorithms,  it  is,  therefore, 
possible  to  monitor  changes  In  the  tissue 
concentrations  of  reduced  haemoglobin  {Hb),  oxy- 
haetrog  lobln  (HbOO  and  oxidated  cytochrome-c 
oxidase  (a,aj).  Furthermore,  the  sum  of  Hb  and 
Ilb02  concentrations  affords  a  measure  of  cerebral 
blood  volume,  since  the  total  quantity  of 
haemoglobin  in  the  red  blood  cells  (and,  hence  in 
blood)  remains  effectively  constant. 

This  technique,  developed  at  Duke  University 
Medical  Centre  ard  Incorporated  Into  and  instrument 
known  as  nMNI-4  (for  Oxidative  Metabolism  Ntar- 
Infrared  using  4  Wavelengths)  was  evaluated  at  the 
USAF  School  of  Aerospace  Medicine  (while  the  author 
was  an  HAF  Exchange  Officer  there)  in  a  aeries  of 
experiments  using  hypouic/hyperoxlc  breathing 
gases,  lower-body  negative  pressure  (LBNP)  end  *C? 
acceleration. 

Figure  4  shous  the  effect  of  changing  the  oxygen 
content  of  the  gas  breathed  by  a  subject  seated  at 
rest.  With  hypoxia  (Ot  02  in  NO,  the  concen¬ 
tration  of  reduced  haenoglobin  (Hb)  rose,  while 
that  of  oxy-haemoglobin  (Hb02)  fell.  Changing  to  a 
95X  Oj ,  5t  COj  mixture  (the  COj  being  added  to 
maintain  cerebral  blood  flow)  caused  reciprocal 
changes  in  the  haemoglobins.  Hypoxia  also  caused  a 
shift  in  cytochrome  oxloase  (a, a-,)  towards  reduc¬ 
tion,  Cerebral  blood  volume  (BV)  remained  fairly 
constant  Until  return  to  air  breathing,  whereupon 
it  fell  with  a  coincident  reduction  in  cardiac 
pulsation  -  evidence  for  the  pre-existing 
vasodilation  and  increased  flow  Invoked  by  both  the 
hypoxia  and  hypercapnea. 

An  energetic  Valsalva  manoeuvre  (Fig.  5)  in¬ 
creased  cerebral  blood  volume  (CBV).  but  the 
increase  comprised  solely  reduced  haemoglobin  and 
cytochrome-c  oxidase  moved  towards  reduction.  Thu 
shows  the  increased  volume  of  venous  blood  In  the 
brain  and  reduction  in  flow  produced  oy  a  damming 
up  of  the  brain's  venous  uutflou. 

Figure  6  shous  .  verage  changes  in  measures  of 
cerebral  oxygen  status  during  the  last  IDO  sec  of 
lower  body  negative  pressure  exposures  which  were 
terminated  following  symptoms  and  signs  of  presyn¬ 
cope.  The  slight  increase  in  reduced  haemoglobin 
is  in  striking  contrast  to  falls  in  oxyhaemoglobin, 


Fig,  4.  Response  to  hyperoxie 
and  hypoxic  breathing  gas 
mixtures.  The  four  recording 
channels  are  to  the  same  scale 
(1  */p  equals  a  10  fold  change 
in  tissue  concentration)  and 
show  changes  in  haemoglobin 
(Hb),  oxyhaemoglobin  (llbOj), 
cerebral  blood  volume  (BV)  and 
oxidised  cytochrome-c  oxidase 
(a.aj).  The  subject  was 
brcithing  the  hyperoxie  mixture 
at  the  start  of  the  recording. 


Fig,  5.  Effect  of  a  Valsalva  manoeuvre  at 
1C.  Recording  channels  as  for 
figure  4. 


cerebral  blood  volume  and  cytochrome-c  oxidase,  all 
of  which  precede  the  well  documented  bradycardia, 
or  cardiovascular  decompensation  by  some  20  i. 
Presumably,  the  first  sign  of  failure  to  compensate 
for  the  circulatory  stress  was  a  fall  in  cerebral 
blood  flow  and  the  a,a2  reduction  in  particular 
could  have  provided  an  earlier  warning  of  the 
impending  syncope  than  the  generally  accepted 
criterion  of  a  developing  bradycardia, 

Finally,  figure  7  Illustrates  changes  which 
occurred  during  a  C-t.Of  induced  by  exposure  to  *5Ct 
with  the  subject  relaxed  and  unprotected.  G-LOC  was 
preceded  by  a  rapid  fall  in  cerebral  blood  volume, 
whilst  a  recovery  In  blood  volume  heralded  return 
of  consciousness .  Unfortunately,  the  cytochrome-c 
oxidase  signal  was  not  obtained  during  this  run. 
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Pig.  6,  Change*  in  heart  rate  (HR)  and  in 
the  four  0MN1-4  output* 
(haemoglobin,  Hbj  oxyhaemo-globln, 
HbOj(  cerebral  blood  volume,  BV; 
and  oxidised  cytochrome-e  oxidase, 
a,aj).  The  reaults  are  averaged 
for  four  subjects  over  the  100s 
preceding,  and  10s  following 
termination  of  lower  body  negative 
pressure  exposures  which  caused 
symptoms  and  signs  of  presyncope. 


From  the  tests  carried  out  it  is  clear  lhat  the 
change  in  haemoglobin  concentration*  and  cerebral 
blood  volume  provide  a  valuable,  but  stilt  In¬ 
direct,  real  time  monitor  of  cerebral  oxygen 
status,  but  differences  between  this  G-LOC  incident 
and  other  high  C  exposures  without  G-t.OC  were  not 
greet  enough  to  constitute  a  reliable  warning.  In 
theory,  changes  in  cytochrome-c  oxidase  should 
prove  more  reliable,  hut  appeared  to  suffer  from  a 
number  of  technical  problems.  Predominant  amongst 
these  was  the  lack  of  sensitivity  in  this  channel 
due  to  i?5  rather  weak  ypoctral  absorption,  and  the 
fact  that  It  could  not  be  detected  in  Its  reduced 
state  other  than  by  disappearance  of  the  oxidated 
cytochrome-c  oxidate  signal.  The  use  of  additional 
uavelengths  and  a  more  sensitive  detector  should 
solve  these  problems.  A  further  problem  stemmed 
from  movement  artefacts  •  slight  displacement  of 
the  optodes  through  which  the  near-infrared  signals 
weie  passed  into  and  received  back  from  the  brain 
led  to  erroneous  signals  which  could  only  be 
overcome  by  very  rigid  mounting  of  a  head  harness. 
However,  Delpy  (personal  communication)  has 
suggested  that  an  alternative  means  for  controlling 
the  level  of  near-infrared  energy  at  the  input 
optode  (other  then  relying  on  a  reflected  signal) 
would  eliminate  this  problem.  Thirdly,  since  the 
path  length  through  which  the  signal  passes  within 
the  brain  is  unknown,  absolute  values  for 
concentrations  of  the  chromephores  cannot  be 
calculated,  only  changes.  Whilst  this  is  probably 
not  a  great  disadvantage  in  a  monitoring  system, 
techniques  do  now  exist  whereby  absolute  values 
could  be  obtained  (11).  Finally,  the  need  to  carry 
the  signals  to  and  from  thn  head  In  fairly  bulky 
fibreopitc  bundles  could  be  eliminated  by  the  use 
of  lightweight,  hairnet  mounted,  solid  state 
device* . 

In  conclusion,  mu  1 1  i  wave  1  eng  til  near- i  nf  rared 
spectrophotometry  offers  a  method  for  monitoriog 
changes  in  cerebral  oxygen  sufficiency  sc  tissue 
level  which  appear  to  correlate  well  with  the 
changes  expected  under  s  number  of  stress  condi¬ 
tions,  including  *G.,  acceleration.  However,  the 
methodology  needs  considerable  further  development. 
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RESUME:  L' Utilisation  d'un  Doppler  transciranien  a  etc  preconlsd  pour  detector  la 
survonue  do  pertes  do  connaissance  induites  par  los  accelerations.  Un  apparoil  dc  typo 
Doppler  pulse  transcranion  a  4t6  dcvcloppd  sp6ci£iquement  pour  fonctionner  cn 
centrifugeuso  et  un  autre  pour  etre  lnstalle  dans  un  Mirage  2000,  co  qui  a  impllquc  des 
contraintes  suppldmentaircs  pour  respecter  l'environncment  de  sdcurite  impose  par  son 
utilisation  on  vol.  Au  cours  J'unc  etude  mence  pour  evaluer  la  tolerance  dc  9  sujets 
soumis  a  des  accelerations  a  +8  Gz,  lc  Doppler  transcranion  a  permis  dc  montrer  qu'il 
cxlstait  dans  23  cas  une  relation  entre  la  reduction  du  signal  voloclmetriquc  dc  la 
circulation  dans  1'artcro  cdrdbralc  moyenne  ct  la  diminution  du  champ  visucl;  dans  9 
cas,  cctte  relation  n'a  pas  6tc  obscrvdo  et  dans  un  cas  une  faiblc  diminution  du  signal 
Doppler  a  ct4  suivie  par  une  perte  de  connaissance.  La  detection  des  pertes  dc 
connaissance  en  vol  implique  1' utilisation  de  plusicurs  paramotros  physiologiques  ot  de 
paramdtres  de  vol  qui  dovront  etre  analyses  avant  dc  dccloncher  unc  procedure 
automatique  dc  sauvegardc  de  la  part  dc  l'ordlnatcur  dc  bord.  ceci  nccossitc  le 
developpement  dc  procedures  nouvellcs  et  complexes.  Dans  cctte  attento,  le  mcllleur 
traitement  des  pertes  do  connaissance  consists  a  se  placer  dans  des  conditions 
preventives  optlmales  grace  aux  rdeenta  moyens  de  protection  anti-G  (si&go  incline, 
respiration  en  presslon  positive,  pantalon  anti-G  couvrant  complctemcnt  la  parie 
inferleure  du  corps). 


1.  INTRODUCTION. 


L' existence  des  pertes  de  connaissance  cn  vol  est  connue  depuis  la  premiere  guerre 
mondiale.  A  ce  Jour,  les  pertes  de  connaissance  en  vol  sont  rodouteos  car  ellos 
surviennent  la  plupart  du  temps  au  cours  du  combat  adricn  ct  dans  certains  cas,  dies 
entrainent  non  seulement  la  perte  d'un  avion,  mais  surtout  celle  de  1' equipage. 

Des  etudes  rdcontes,  en  particulior  celles  de  PLUTA  (1984)  et  dc  WHINNERY  (198$) 
ont  montro  qu'il  existait  en  temps  de  paix  une  nette  recrudescence  dc  cos  phenomdnes 
avec  les  avions  de  la  classe  F  16  ou  avec  des  avions  d'entrainement  chcz  des  pilotes  cn 
cours  de  formation. 


2.  COMMENT  PREVKN1R  OU  TRAITBB  LA  PERTE  DB  COHMAISSAHCB? 

A  ce  jour,  plusieurs  solutions  sont  proposdes  aux  Etats  Majors  : 

-  Limiter  les  performances  des  avions  afin  d'dviter  qu'ils  n'attcignent  des 
accelerations  ou  des  taux  de  mise  en  acceleration  eicvds,  Ce  serait  alors  lc  systeme 
d'arme  (radar,  missile  trds  manoeuvrant,  contre-mesures  eiectroniqucs)  qui  devrait 
compenser  cette  reduction  de  performance,  Actuellement,  cette  solution  ne  scmble  pas 
retenue.  Toutefois,  une  intervention  sur  les  algorythmes  des  commandos  de  vol 
electror.iques  peu\_-6tre  roalisee  en  rdduisant  legeremont  los  performances  de  1' avion 
sans  p6naliser  pour  autant  ses  evolutions. 

-  Augmenter  la  protection  anti-G.  C'est  le  cas  pour  les  Armccs  dc  l'Alr  qui 
utilisent  dos  avions  avec  si4ge  incline  et  qui  pratlquent  l'ontraincmcnt  physique  ct 
l'entrainement  en  centrifugouse .  Ce  sera  le  cas  pour  cellos  qui  utillsoront  la 
surpression  respiratoire.  L’ augmentation  de  la  tolerance  des  pilotes  aux  accelerations 
reste  la  solution  la  plus  rationnelle. 

-  D6tecter  1' imminence  de  la  perte  de  connaissance  ou  son  oxisfcncc.  11  s'aglt 
d'une  ultimo  sauvegardc  qui  semblo  t-il  a  pour  principal  interet  d'etre  utilises  en 
temps  de  paix.  Ella  preservers  de  toutc  fagon  la  vie  do  nombreux  piloteB.  Cette 
derniere  solution  peut  co-exister  avec  1'une  ou  1' autre  des  solutions  preeddentes,  Mais 
comment  ddtecter  ces  pertes  de  connaissance? 
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3.  DETECTION  DES  PKRTRS  BB  COWMAISSAHCI . 

Dana  le  o as  oil,  la  pacta  da  l'adronef  ou  du  pilots  lors  du  combat  a4rien  eat 
uniquement  li6e  &  un'e  petto  de  connaissance,  11  faut  mettro  au  point  des  syst&mos 
experts  capablos  de  ddtecter  la  parte  de  connaissance  de  fagon  fiable  puis  de  renseigner 
l'ordinateur  de  bord.  Celui-ci  devrait  ensuito  ofteetuer  automatiquoment  uno  manoeuvre 
de  sauvegarde. 

Les  paramitres  utiliads  peuvent  6tre  t 

-  des  informations  de  vol, 

-  des  variables  physiologiques. 

WHINNERY  at  Coll.  ( 198"? )  ont  rappeld  les  principaux  parametroe  physiologiques 
utilisablee  dont  la  mosura  du  dibit  sanguin  ciribral. 


4.  IHTERET  DU  HOHITORIHO  DE  LA  CIRCULATION  SANGUINE  NIVEAU  PU  CERVEAU. 


Deux  raisons  sent  en  faveur  de  cette  solution i 

Lore  du  combat  airien,  les  accelerations  de  niveau  ilovc  ot  rapidomont  installiee 
peuvent  entralner  uno  reduction  ou  un  arret  do  la  circulation  sanguine  au  niveau  du  cor- 
veau.  II  est  done  logique  de  chercher  4  detecter  une  eventuelle  chute  de  debit. 

Les  technologies  modernes  permottent  de  disposer  de  systemos  non  invaslfs 
devaluation  de  1 ' homodynamique  des  grands  axes  vasculaires  ccrcbraux.  Lc  Doppler  fait 
partie  de  cos  moyens.  Le  systime  peut-etre  miniaturise  et  facllemont  installc  dans  un 
a6ronef . 

Ces  dlfferontcs  raisons  ont  conduit  lo  Laboratoiro  do  Medocino  Aerospatiale 
(LAMAS)  k  mettro  au  point  un  systemo  do  cc  type.  Celul-ci  aura  non  seulemcnt  pour 
lnterit  d' apprdhonder  les  variations  de  debit  sanguin  sous  factcur  de  charge  chea 
l'hommc  et  de  detecter  l'immlnence  d’une  perte  do  connaissance  mais  ogaiement  d'ivaluer 
la  quaiiti  des  nouveaux  concepts  ou  des  nouvelles  technologies  de  protection  anti-Q. 


5.  MATERIEL. 

Le  LAMAS  a  benificie  de  l'experience  du  Laboratoiro  dc  Biophysique  Modlealo  do 
l'Ur.iversite  F.  Rabelais  de  Tours  en  matidre  d'electroniquc  echo-Dopplor.  Co 
laboratolre  a  dcvoloppe  un  systeme  fonctionnant  sous  fort  factcur  dc  charge.  Un  premier 
appareil  muni  do  sondes  couplcos  6cho-Doppler  (photographic  n*  1)  a  pcrmls  de  fairc  une 
dtude  cccernant  les  variations  du  ddbit  de  la  carotide  primitive  sous  accdlcration 
(Florence  et  coll.  1989).  La  visualisation  en  image  cchographiquo  de  la  carotide  et  do 
1' angle  do  pdndtratlon  du  faicceau  Doppler  associe  a  la  mesurc  dc  la  vitesso 
d'ecoulement  a  permis  de  ca’culer  le  debit  en  fonction  du  niveau  d'accdlcration. 


Photographic  n*  1:  Appareil  ochoDopplor  monte  4  l'intcticur  de  la  ccntrif ugcuso. 


A  la  suite  do  cette  6tudo,  il  a  paru  intdressant  de  compldtor  ce  travai)  par  la 
meaure  du  ddbit  sanguin  au  nivoau  du  cerveau.  Pour  cola  uno  carte  dlcctronlquo 
spdcif iquo  a  dtd  installdc  dans  cot  ensemble. 

11  s’agit  d'un  Doppler  pulse  dont  les  prlnclpales  caractdristiqucs  comportcnt  t 

-  une  emission-rdcoption  A  2  KHz, 

-  unc  fendtrs  de  mesure  de  largaur  fixe,  ajustable  on  profondour  ontrc  30  et  100 
mm, 

-  un  systems  pormottant  do  ddtecter  le  caractdro  antdro  ou  postdrogradc  du  flux 
sanguin, 

-  un  f litre  BF  da  bands  pasaante  5  A  ISO  KHz, 

-  unc  sortie  audio  analogiquo. 


6.  PROTOCOLB. 

Una  prcmidro  experimentation  a  6td  effcctuoe  A  l'aidc  dc  cct  appareil  uu  cours  de 
l'dvaluation  de  lois  da  gonflaga  de  pantalon  antl-Q  (Lejcunc  ct  coll.  1990). 

Nauf  volontaires  masculine  ont  etd  soumis  A  trois  profils  d' acceleration  A  +  8  Gz; 
deux  d'ontre  eux  ont  effectuc  ^experimentation  deux  foie  car  ils  ont  particlpe  a  la 
mise  au  point.  11s  n'offectuent  pas  do  manoeuvre  anti-G  mais  portent  un  pantalon  anti-G 
actuelloment  on  service  dans  l'Armde  de  l'Air  frangaiso.  Trontc  troiB  traces  do  signal 
Doppler  ont  dte  recuelllis  au  cours  dc  cette  experimentation. 

La  loi  dc  gonflage  du  pantalon  anti-G  cst  ditferonte  pour  chaque  profll 
d'accdleratlon. 

La  lirnito  dc  tolerance  a  etc  definic  coiranc  la  pertc  dc  60  pour  cent  du  champ 
visuel  peripherique  scion  1 ' axo  horizontal. 

La  meaure  do  la  vitosse  d'dcoulomont  du  sang  ost  effcctuec  au  niveau  do  l'artoro 
ccrdbrale  moyenne  (ou  artAro  sylvienne)  dont  l'abord  est  also  (photographic  n"  2),  Unc 
analyse  spectrale  de  la  Vitesse  sanguine  dans  la  fendtre  dc  mesure  ost  realisco  grace  a 
un  analysaur  do  spectra  de  typo  Angioscan. 


?hotographic  n’  ?:  Sujct  soumls  a  uno  accolerat Ion  dc  +8  Qz. 


8.  DOPPLER  EM  VOL . 

Parallclcmcnt,  un  apparcil  Doppler  transcranicn  utillsablc  cn  vol  a  etc  dcvcloppc. 
11  presente  les  memos  caractcrlstlques  quo  celul  decrit  auparavant,  11  s'agit  toutefois 
d'un  ensemble  qui  dolt  repondre  a  dots  specifications  aeronautiques  supplcmcntaircs : 

-  installation  dans  un  boi.ti.cr  specifique  pouvant  etre  monte  i  bord  d'un  avion. 

-  absence  d' interference  avee  1  ’  onv 1 ronnoment  clectromagnotique  do  1 'avion  do 
man  16  re  a  nc  perturber  ni  1 '  cquipcriiont  electronique  de  cclui-cl,  ni  la  mesure 
vclacimctrique  sanguine. 

[/experimentation  sera  effcctuee  on  vol  sur  un  Mirage  2000  specif iquement  adaptc 
aux  ossais  on  vol. 

Lo  signal  ost  rccucilli  sur  un  enregistreur  analoglquo  multipiste  installc  dans  un 
pod,  sous  l'avlon.  L'enscmblc  pout  supporter  des  accelerations  jusqu'a  +9  G?.. 

1/  olectroniquo  cst  installec  dans  un  boitier  OTAN  2  U  de  dimension  et  de  poids 
reduits;  la  consommation  olcctrlque  est  faiblc  IS  U.) 

En  face  avant  du  boitier  sont  installos  : 

-  lc  connoctcur  pour  la  sonde 

-  le  reglage  de  la  proforidcur  do  la  fenctrc 

-  lc  connoctcur  pour  l'ccoutour  utilise  lors  de  la  mlso  on  place  de  la  sonde  dans 
l’avlon. 

En  face  arrierc  sont  installos  : 

-  lc  connoctcur  d' alimentation 

-  les  deux  connectcurs  de  sortie  audio  du  signal. 

II  a  fallu  ddvolopper  un  support  specifique  de  sonde  a  l’intcrieur  du  casque  qui 
permette  de  positlonnor  colie-ci  do  fagon  aiscc  sans  qu'cllc  soit  mobile  pour  autant, 
Cot  ensemble  prend  en  comptc  les  normes  de  sccuritc  appliqueos  aux  avions  de  combat  cn 
cas  d'ejoction. 

Lc  cable  de  sonde  comportc  done  un  connccteur  a  degrafago  rapidc  installc  sur  la 
Mac  West. 

Les  vols  vont  avoir  lieu  durant  les  mois  do  septembre  ct  octobrc  1990.  Los  pi lotos 
d'ossals  ou  les  oxpdrimentateurs  auront  a  so  soumettre  a  des  profils  d'accclcrations 
dont  certains  seront  reproduits  sur  la  centr if ugeuso  du  laboratoirc. 

Deux  comparalsons  pourront  otre  monoos  : 

-  uno  premiere  ontro  situation  de  laboratoirc  cn  centrif ugeuse  et  situation  de  vol 
rcellc. 

-  uno  douxiemo  entre  pilotc  sltuc  cn  place  avant  ct  experimentateur  situc  cn  place 
arr lore . 

Cos  comparalsons  permottront  de  distinguor  les  eftets  sur  la  circulation  sanguine 
cercbralc  : 

-  des  accelerations  +Gz  subics  d'unc  part  en  ccntrlfugeuse  et  d'autre  part  en 

avion 

-  des  accelerations  on  vol  qu'un  pilote  anticipo  parce  qu'il  les  commando,  do 
cellos  qui  le  surpronnent  parcc  qu'il  cst  copiloto  experimentateur. 

Quoi  qu'il  cn  solt,  les  premieres  dcnnccs  rccucillics  peuvent  so  discutor  cn  tormc 
de  regulation  sanguine  cordbralo  ct  cn  termo  de  detection  des  pertos  do  connalssanco, 
voire  en  termo  do  qualito  do  metrologlo. 


0.  DISCUSSION, 


Eh  rduumd ,  nous  avons  trois  situations  ou  t 

-  la  reduction  ou  1' abolition  du  signal  Doppler  est  bien  suivie  d'une  rdduction  du 
champ  visual j  soit  uno  bonne  concordance  doe  deux  paramdtros . 

*  1' abolition  du  signal  Doppler  n'est  pas  suivie  d'une  reduction  du  champ  visuel j 
soit  une  mauvaise  concordance  entre  ces  deux  signaux. 

-  la  diminution  du  signal  Doppler  est  faibln  et  une  perte  de  connaissance 
survient,  ce  qui  correspond  k  un  soul  des  cas  observes. 

Dana  le  cas  ou  la  diminution  du  dibit  sanguin  priedde  bien  la  diminution  du  champ 
viauul,  on  peut  penser  quo  la  diminution  de  la  preaslon  de  perfusion  sanguine  liie  aux 
accelerations  ontraine  bien  une  diminution  du  dibit  sanguin  ciribral.  Cette  diminution 
de  dibit,  on  la  tctrouve  a  la  fols  au  niveau  de  la  vascuiarisatlon  ritinienne,  mala  pout 
dtre  aussi  au  niveau  de  la  tone  occipitale  ou  se  situent  les  alres  visuellos  . 

La  loi  de  Bernoulli  llant  pression  do  perfusion  ct  debit  serait  rcspcctcc.  11  y 
aurait  en  quoique  sorts  avec  nos  vingt-trois  cas  une  triple  fonction  qui  lies 

-  acceleration  et  preesion  de  perfusion, 

-  pression  de  perfusion  et  debit, 

-  ddbit  ct  champ  visuel. 

Les  relations  faites  ci-dessus  no  prennsnt  pas  en  comptc  la  pression  volneuso  de 
la  circulation  sanguine  de  retour  qui  scmblc  egaloment  importantc  dans  la  regulation  du 
debit  sanguin  intracerebral. 

Par  ailleurs,  Kontos  et  Coll.  (  1978)  ont  montre  chez  le  chat  ancsthesic  que  la 
regulation  du  debit  sanguin  dans  les  vaisscaux  ccrobraux  ctait  fonction  dc  leur 
diam&tro.  L'aboiition  du  signal  Doppler  non  suivie  d'une  reduction  du  champ  visuel 
observes  dans  ncuf  cas  pourrait  6tro  expliqu6e  par  un  regime  vasomotcur  spicifiquo. 
L'impoitante  reduction  du  signal  Doppler  pourrait  ne  pas  corrospondre  a  un  arrit  de  la 
circulation  cerdbrale.  ll  s'agirait  d'un  phenomfene  similairc  a  cclui  dc  la  circulation 
pulmonaire  ou  la  pression  de  perfusion  est  faible  ainsi  quo  la  Vitesse  d'ecoulcmcnt  mais 
dont  le  d6bit  est  important.  Par  cette  analogic,  II  est  licite  de  penser  qu'une 
oxygenation  suffisantc  des  "territoires  cl6s  de  la  conscience"  ct  dc  la  r6tinc  soit 
obtenue. 

Enfin,  dans  le  dernier  cas,  ou  apparait  une  perte  de  connaissance  avee  une 
reduction  du  signal  Doppler,  cetto  situation  a  dejk  fait  l'objot  d’une  discussion  (C16re 
et  coll.  1989)  of  est  rappelee  1 ' affirmation  do  Wcrchan  (1989)  selon  laquelle  une 
diminution  de  40  pour  cent  du  debit  sanguin  cerebral  peut  etre  suffisantc  pour  faire 
apparaitre  des  troubles  EEG.  Cette  hypothdsc  se  prdsento  en  quelquc  sorte  en  opposition 
avec  l’hypothosc  precedents. 

Ainsi,  le  signal  Doppler  paralt  complexe  a  analyser,  son  abolition  n’est  pas 
equivalente  a  une  perte  dc  connaissance  pour  plusiours  raisons  physiologiqucs.  mais  aussi 
d'ordre  methodologiquc  ct  metrologique. 

Sur  lc  plan  methodologiquc,  l'artere  cerobrale  moyenne  n'est  pout  etre  pas 
l'artdre  qu'il  faut  explorer,  memo  si  son  abord  est  rolativemcnt  aisc. 

Sur  le  plan  metrologique  aucune  certitude  n'cxiste  quant  a  l'immobilitc  dc 
l'artere  et  du  capteur  sous  acceleration. 

L'ivaluation  du  debit  sanguin  dans  l'artere  cirobrale  moyenne  paralt  a  ce  jour 
insuffisante  A  olle  seulc  pour  ditector  1' imminence  d'une  perte  de  connaissance.  Soul, 
un  systemc  Integrant  plusieurs  parametros  physiologiqucs  ct  do  vol  sera  a  meme  dc 
predlre  1' imminence  ou  de  detector  la  survenuc  dc  la  perte  de  connaissance.  Ccci  no 
pourra  ctrc  mis  au  point  qu'apres  une  experience  comportant  des  pertes  dc  connaissance 
observees  en  contrif ugeuso  avee  des  sujets  equipes  dc  capteurs.  A  ce  jour,  pour  des 
raisons  ithlquos  11  est  trfes  difficile  en  France  d'offoctuor  une  experimentation 
specif ique  concernant  les  pertes  do  connaissance  sous  factcur  dc  charge.  Soules  les 
pertes  do  connaissance  accidentellcs  observees  au  cours  d' experimentations  permettront 
dc  statucr  sur  la  valldite  d'un  parametre  physiologiquo ,  debit  cerebral  ou  autre,  et  de 
difinir  les  critdrcs  prddictifs  d'une  perte  do  connaissance. 


10.  CONCLUSION. 

La  detection  des  pertes  dc  connaissanccs  pourrait  ctrc  effectueo  a  l'aidc  dc 
paramdtros  physiologiques.  Dans  ccttc  etude,  il  est  montre  qu’ellc  est  basic  sur 
1 ' utilisation  d'un  Doppler  transcranion .  II  n'cxiste  pas  dc  relation  simple  entre 
arret  du  signal  Doppler  ct  perte  dc  connaissance.  Ccs  parametros  devront  surement  etre 
multiples  et  completes  par  des  donnccs  do  vol.  Une  analyse  pertinente  voire  empirique 
de  ccs  parametres  dovrait  informer  l'ordinatcur  do  bord  d'une  situation  d'etat  lui 
permettant  d'offectucr  une  manoeuvre  dc  sauvogardc.  La  comploxitc  do  cc  systemc  fait 
penser  qu’il  s'aglt  d'un  ensemble  qui  nc  pourra  etre  utilise  quo  dt*ns  un  futur 
rclativoment  lointain. 
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REMKRCIKHrNTS. 

Les  autours  souhaitcnt  remercier  les  per sonnes  qul  ont  contribu6  diroctemcnt  ou 
indirectement  a  la  redaction  do  ce  travail  en  particulior  Monsieur  Qr^goire  du 
Laboratoire  de  Biophysique  Mddicale  de  Tours,  le  personnel  du  service  Materiels  Aeriens 
du  Centre  d'Essais  en  Vol  qui  a  install^  le  eablage  du  boitler  Doppler  dc  bord,  alnsi 
que  le  service  de  l'ddition  et  les  personnels  affectes  A  la  mise  en  oeuvre  de  la 
eentrifuqeusc. 

Co  travail  a  et6  effcctud  A  la  suite  d'un  contrat  pass6  avec  la  Direction 
Recherche  Etudes  et  Techniques  SDR/G.9  et  avec  le  Groupe  de  Coordination  Technique 
Facteur  Kumain  de  la  Delegation  Gdnerale  pour  l'Armement. 
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SUMMARY 

During  this  past  decade,  fourteen  U.S.  Air  Force  pilots  lost  their  lives  and  aircraft  to  gravity 
induced  loss  of  consciousness,  or  GLOC.  GLOC  is  not  a  new  problem,  It  has  been  around  for  over  70 
years.  Because  of  the  emergence  of  high  performance  aircraft  such  as  the  F- 16  and  F-15  and  the  fact 
that  these  aircraft  can  perform  beyond  the  acceleration  tolerance  limits  of  the  human,  GIOC  has  become 
the  U.S.  Tactical  Air  Force's  second  most  serious  human  factors  problem,  second  only  to  spatial  dis¬ 
orientation.  To  date,  there  exists  no  monitoring  system  in  USAF  aircraft  to  detect  when  a  pilot  has 
become  incapacitated  due  to  GLOC.  The  incorporation  of  high  G  onset  training  and  a  special  centrifuge 
training  facility  will  help  reduce,  but  not  eliminate,  the  GLOC  problem,  This  paper  presents  the 
current  status  of  a  loss  of  consciousness  detection  and  recovery  system  being  developed  by  the  Air 
Force, 

PREFACE 

There  is  virtually  no  cardiovascular,  cardiopulmonary  or  encephalographic  physiological  variable 
which  cannot  be  measured  in  flight.  Venous  and  arterial  in-dwelling  catheterization  with  pressure 
transducers  can  provide  realtime  cardiovascular  information,  and  electroencephalography  can  provide  a 
very  precise  indication  of  the  loss  of  consciousness  event  in  realtime  as  well. 

The  acquisition  of  these  kinds  of  data  in  a  two  place  fighter-class  aircraft  under  carefully 
controlled  in-flight  conditions  is  one  thing,  Their  acquisition  and  utility  in  the  setting  of  the 
operational  cockpit  is  quite  another,  In  the  Loss  of  Consciousness  Monitoring  System  (L0C0M5)  effort 
at  the  AAMRL  the  original  approach  to  monitoring  was  based  upon  these  kinds  of  metrics.  They  were, 
however,  abandoned  in  the  face  of  the  stark  realities  of  getting  and  using  such  information  in  the 
air  combat  arena. 

Subsequently  our  approach  has  been  that  of  relying  only  upon  those  physiological  metrics  which 
might  be  obtain  unobtrusively,  which  would  be  essentially  transparent  to  the  fighter  pilot,  and  which 
(ideally)  might  be  reliably  obtained  without  sticking  into  or  onto  the  aviator  (Van  Patten,  1986). 

Our  subsequent  efforts  have  concentrated  on  the  following: 

a.  Eye  blink  rate, 

b.  Head  slumping. 

c.  Strength  or  absence  of  grip  on  stick,  and  spectral  content  of  stick  Inputs. 

d.  Head  level  arterial  pulsations. 

e.  Acceleration-sensitive  eye  level  blood  pressure  model. 

f.  Arterial  oxygen  saturation  percentage,  presence  of  pulse  pressure. 

g.  Spectral  shift  in  frequency  of  Electroencephalogram  (EEG). 

h.  Presence  and  quality  of  straining  maneuver. 

i.  Anti-G  Suit  (AGS)  function. 

J.  Pilot  response  to  voice  synthesized  Interrogation. 

k,  Potential  resuscitation  measures. 

The  sine  qua  none  of  any  practical  LOCOMS  will  be  a  low  false  alarm  rate.  A  system  that  is 
constantly  querying  the  pilot  as  lo  his  status  will  not  find  a  high  level  of  user  acceptance  and 
will  be  turned  off.  Consequently  it  will  be  necessary  to  combine  evaluation  of  physlo'ogical 
metrics  with  evaluation  of  the  past  and  present  status  of  the  aircraft  in  terms  of: 

a.  Altitude 

b.  Recent  time  history  of: 

(1)  Gz  exposure  above  +4  Gz 

(2)  Onset  rate  of  the  exposure 

(3)  Duration  of  the  exposure 

c.  As  well  as: 

(1)  Current  Gz 

(2)  Cumulative  G-tlme  maneuvering  metric 

In  our  conceptual  design  philosophy  these  six  maneuver-related  metrics  would  be  combined  with 
the  eleven  physiological  metrics  with  the  outputs  of  these  two  systems  serving  as  input  attributes 
to  an  artificial  intelligence-based  inference  engine  capable  of  making  decisions  based  on  the  data. 
Sufficient  In-house  research  has  been  done  with  such  an  Inference  engine  to  make  it  clear  that  this 
portion  of  the  concept  poses  no  technological  problems  (Van  Patten,  1988).  Figure  1  shows  some  of 
the  Interrelationships  in  this  concept. 
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Before  proceeding  to  *  discussion  of  the  stilus  of  current  research  It  Is  necessary  to  briefly 
touch  upon  an  Issue  that  Is  raised  frequently  by  potential  operational  users.  Given  the  assumption  of  a 
practically  Infallible  LOCOMS,  what  form  must  recovery  of  the  aircraft  take?  In  the  combat  setting,  re¬ 
covery  of  the  aircraft  to  straight  and  level  flight.  It  Is  feared,  would  place  the  unconscious  (but  re¬ 
covering)  pilot  In  the  role  of  easy  prey  for  any  attacker. 

In  their  GLOC  studies  atthe  USAf  School  of  Aerospace  Medicine,  Whlnnery  (C.  Whlnnery,  et  al,  1990) 
has  found  that  subjects  experiencing  GLOC  recover  faster  when  returned  to  a  higher  than  1  G  threshold, 
such  as  3  Gz.  This  finding  Is  good  on  two  counts;  1}  the  total  Incapacitation  period  of  the  subject, 
or  pilot,  can  be  reduced  and,  2)  the  aircraft  In  which  the  GLOC-pIlot  Is  a  passenger  (since  he/she 
surely  Isn't  flying  the  aircraft,  can  be  placed  by  a  LOCOMS/fl Ight  control  computer  system  Into  a  3  Gz 
turn  or  evasive  maneuver  until  the  pilot  Is  no  longer  totally  Incapacitated. 

Although  far  beyond  the  expertise  of  those  of  us  working  the  physiological  side  of  this  problem.  It 
seems  plausible  that  current  work  on  automated  maneuvering  attack  and  missile  evasion  systems  could  pro¬ 
vide  relief.  In  a  combat  situation  In  which  a  recovery  is  taking  place,  It  seems  reasonable  to  assume 
that  an  attacking  aircraft  or  missile  would  be  "painting”  the  target  aircraft  with  gun  or  missile  guid¬ 
ance  radar  and  that  on-board  receivers  and  radars  would  be  capable  of  detecting  the  emissions  and/or  the 
presence  of  an  attacking  aircraft  or  missile.  That  being  the  case  pre-programmed  evasive  maneuvers 
could  be  automatically  commanded  while  resuscitation  measures  were  being  applied  to  the  pilot.  For  the 
moment,  we  assume  that  by  the  time  an  operational  LOCOMS  system  could  be  deployed  the  technology  for 
automated  evasive  maneuvers  will  be  In  hand. 

1.  CURRENT  DEVELOPMENT  STATUS 

a.  Eye  Blink  Detection 

Blink  rate  Is  a  well  known  Indicator  of  arousal  and  is  much  easier  to  detect  thfn  eye  position,  In 
our  program  a  miniaturized  device  was  developed  under  a  Small  Business  Innovative  Research  effort 
{Energy  Optics,  Las  Cruces,  NM)  which  uses  Infra-red  light  to  Illuminate  the  eye,  The  device  mounts  on 
the  oxygen  mask  out  of  the  line  of  sight  and  reacts  to  the  change  In  reflected  light  from  the  area  when 
the  lids  close  (Figure  2).  The  detector  Is  about  the  size  of  the  metal  ferrule  on  a  common  lead  pencil 
and  has  been  shown  to  be  over  90*  reliable  under  sustained  acceleration,  yielding  good  results 
Irrespective  of  skin  pigmentation  (O'Brien,  1907).  Evaluation  of  a  zero  blink  rate  Is  not  without  some 
difficulties.  Some  (conscious)  Individuals  virtually  cease  blinking  when  concentrating  Intensely  under 
sustained  acceleration  (Albery,  1989).  Consequently  a  zero  blink  rate  In  the  presence  of  an  erect  head 
would  not  be  as  significant  as  would  a  zero  blink  rate  In  the  presence  of  a  slumped  head.  These  two 
signs,  taken  together,  would  provide  a  reliable  Indicator  of  unconsciousness. 

b.  Head  Slumping 

At  the  onset  of  loss  of  consciousness  a  total  body  muscular  flaccidity  takes  place.  Since  the 
center  of  gravity  of  the  head/helmet  Is  "ot  aligned  with  Its  support  (the  neck)  the  head  will  slump  In 
whatever  direction  Is  dictated  by  the  local  gravity  ”ector.  This  phenomenon  can  be  detected  by  means  as 
simple  as  three  mercury  switches  to  as  complicated  as  the  techniques  used  for  measuring  head  position  In 
helmet  mounted  sight  systems.  This  Information  could  serve  double  duty  In  a  LOCOMS.  A  system  developed 
In  our  laboratory  Is  shown  In  Figure  3. 

c.  Strength  or  Absence  of  Grip  on  Stick 

Because  of  the  muscular  flaccidity  described  above,  the  characteristics  of  the  pilot's  grip  on  the 
Stick  will  charge  markedly  with  the  onset  of  unconsciousness.  Many  researchers  have  suggested  that  this 
signal  should  be  the  easiest  and  most  reliable  signal  to  detect  because  the  GLOC  should  cause  the  pilot 
to  release  the  control  stick.  This  has  not  been  observed  in  all  of  the  500  cases  videotaped  and  archived 
in  the  USAF  School  of  Aerospace  Medicine  library,  however.  More  precisely,  one  needs  to  monitor  the 
force  being  exerted  on  the  control  stick  In  light  of  the  previously  mentioned  aircraft  metrics.  A 
variety  of  pressure  sensitive  or  Infra-red  chips  could  easily  be  Incorporated  unobtrusively  Into  the 
control  stick  to  monitor  this  phenomenon.  A  pressure  sensitive  chip  would  provide  the  advantage  of 
quantifying  grip  strength  vis-a-vis  normal  In  cases  (about  50*,)  In  which  an  unconscious  subject  does  not 
completely  release  the  grip.  Such  a  device  could  also  be  used  to  obtain  Information  about  the  spectral 
content  of  stick  Inputs.  A  force  measuring  control  stick  has  been  developed  In  our  laooratory  and  Is 
shown  In  Figure  4. 

d.  Head  Level  Arterial  Pulsations 

From  the  early  work  of  E.  H,  Wood  it  has  been  observed  that  loss  of  circulatory  pulsations  at  ear 
level  Is  followed,  given  a  sustained  acceleration  stress,  about  five  seconds  later  by  loss  of 
consciousness.  Devices  such  cs  the  ear  opacity  detectors  used  by  Wood  and  subsequently  by  others  would 
be  difficult  to  Incorporate  Into  a  LOCOMS  and  would  violate  the  dictum  that  the  sensor  suite  must  be 
transparent  to  the  pilot  since  the  pilot  would  have  to  don  the  sensor.  Several  alternatives  are 
currently  under  development. 

One  approach  is  based  upor  a  dielectric  patch  antenna  operating  at  2,4  gigahertz  and  low  power 
output  (1  mw).  This  device  is  extremely  sensitive  to  motion  and  is  able  to  detect  arterial  wall  motion 
when  placed  against  the  skin  over  an  artery.  Such  a  system  has  been  developed  fnr  us 


by  the  David  Sarnoff  Laboratories  at  RCA  (non  MMTC  lnc.»  Princeton,  NJ),  and  an  array  of  miniature 
sensors  have  been  shown  to  work.  At  present  a  system  using  five  such  sensors  built  Into  an  array  Inside 
a  flight  helmet  has  been  constructed  and  tested  (Mawhlnney  and  Kfesky,  1986;  Mawhlnney,  1968).  The 
array  Is  positioned  over  the  occipital  branch  of  the  superficial  temporal  artery  at  the  back  of  the  head 
and  can  be  Integrated  into  a  flight  helmet.  The  system  Is  very  sensitive  to  helmet  motion,  however,  and 
needs  further  development  before  It  can  become  a  potential  LOCOMS  "juror". 

Current  laser  technology  forms  the  basis  for  a  second  approach  to  the  acgulsltlon  of  pulse 
Information.  A  commercial  laser  Doppler  device  (TSI  Incorp,  St  Paul,  MN)  Is  under  Investigation  for  an 
unobtrusive  method  of  obtaining  transcutaneous  capillary  perfuslon/pulse  data  and  offers  the  potential 
for  a  system  that  could  be  incorporated  in  the  oxygen  mask  without  Interference  to  other  functions. 

This  device  is  currently  being  evaluated  using  the  Dynamic  Environment  Simulator. 

A  third  possibility  combines  arterial  oxygen  saturation  data  with  the  acquisition  of  pulse  data.  A 
cownerclal  product  has  been  successfully  Integrated  Into  the  nasal  portion  of  an  oxygen  mask  (Tripp, 
1988).  The  Infra-red  sensor  reads  3a02  and  pulse  data  in  the  vicinity  of  the  ethmoid  artery  on  the  nose 
and  has  been  successfully  tested  under  sustained  acceleration.  A  side  benefit  is  that  this  system  may 
be  capable  of  yielding  Sa02  data  over  extended  multiple  repetitive  exposures  which  might  be  correctable 
to  fatigue  and  tolerance  in  a  predictive  manner  In  real  time.  This  system  Is  shown  In  Figure  5.  Recent 
tests  of  this  system  at  the  Naval  Air  Development  Center,  Warminster,  PA.,  have  validated  Its  potential 
as  a  non-lntruslve  LOCOMS. 

A  fourth  possibility  is  the  Transcranlal  Doppler  (TCD)  (Eden  Medical  Electronics,  Kent,  WA),  This 
device  actually  monitors  the  flow  of  blood  In  the  vertebral  arteries.  By  directing  high  frequency,  high 
Intensity  sound  waves  through  the  skull,  the  device  is  capable  of  recording  arterial  flow  several  inches 
Into  the  skull.  Thought,  at  first,  to  be  the  end-all  sensor  for  a  LOCOMS  suite,  the  TCD  has  demon¬ 
strated  that  monitoring  vertebral  artery  blood  flow  Is  not  the  ultimate  Dhyslologlcal  variable  to 
monitor  In  determining  loss-of-consdousness.  Studies  involving  centrifuge  subjects  at  AAMRL  , 
Wrlght-Patterson  AFB ,  USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  and  more  recently,  at  the  Naval  Air 
Development  Center,  Warminster,  PA.,  have  shown  that  even  though  vertebral  artery  blood  flow  can  slow, 
and  even  stop  temporarily,  subjects  can  still  maintain  consciousness  and  perform  (Werchan,  1990). 

e.  Spectral  Shift  In  Frequency  of  EEG 

Of  all  the  sensors  Investigated  to  date  for  reliably  determining  6L0C,  perhaps  the  most  reliable 
Indicator  has  been  the  EEG.  In  her  studies  at  the  USAF  School  of  Aerospace  Medicine,  Lewis  recorded  the 
EEG  on  centrifuge  subjects  who  voluntarily  lost  consciousness  on  the  USAFSAM  centrifuge  (Lewis,  1988). 
She  observed  in  the  ten  subjects  who  lost  consciousness  on  the  USAFSAM  centrifuge,  spectral  changes  In 
the  EEG  which  are  similar  111  nature  to  those  observed  during  unconsciousness  due  to  anesthesia,  l.e.,  a 
Striking  power  shift  to  lower  (Delta)  frequencies.  Her  conclusion  was  that  the  EEG  can  be  used  to 
detect  unconsciousness  In  the  high  G  environment,  If  the  signal  be  can  reliably  and  unobtrusively 
obtained.  This  requires  the  development  of  special  electrodes. 

Special,  "dry"  electrodes  are  currently  being  developed  on  a  Small  Business  Innovative  Research 
grant  to  Alan  Gevlns  at  SAM  Technology,  San  Franclco,  CA,  These  non-preparatory  electrodes  require  no 
gel  or  special  preparations  and  could  be  Integrated  Into  a  flight  helmet.  SAM  Technology  reports  that 
this  new  system  of  "non-prep"  electrodes  has  recorded  EEG  signals  from  subjects  that  are 
indistinguishable  from  those  obtained  using  conventional  EEG  electrodes  and  amplifiers. 

f.  Presence/Quality  of  Antl-G  Straining  Maneuver  (AGSM)  and  Antl-G  Suit  (AGS)  Function 

Both  of  these  functions,  assuming  the  necessary  preliminary  research,  can  easily  he  assayed  by 
pressure  transducers  In  the  oxygen  mask  and  the  abdominal  bladder  of  the  AGS.  Investigators  have  noted 
that  the  AGSM  tends  to  "fade  away1'  as  a  subject  loses  consciousness  in  a  GLOC  episode.  It  may  be 
possible  to  quantify  this  "fading"  in  the  form  of  an  algorithm  relating  the  pressure  magnitude  of 
exhalations,  their  pacing  and  Intensity.  AGS  function  can  be  made  a  simple  go/no  go  signal  from  the 
abdominal  bladder.  McDonnell  Aircraft,  St,  Louis,  MO.,  has  developed  a  transducer  to  monitor  oxygen 
mask  pressure, 

g.  Pilot  Response  to  Voice  Synthesized  Interrogation 

A  system  that  does  not  provide  the  opportunity  for  pilot  over-ride  of  the  system  Is  not  likely  to 
achieve  user  acceptance.  For  this  reason  It  Is  assumed  that,  given  a  system  decision  In  favor  of  GLOC, 
the  LOCOMS  should  Incorporate  a  voice  synthesized  query  system  for  Interrogating  the  pilot  prior  to 
intervention  In  aircraft  control.  This  system  will  have  to  incorporate  means  for  recognition  of  a 
response  within  some  timeframe  before  intervention. 

2.  Integrated  LOCOMS 

An  integrated  LOCOMS  has  not  been  completed,  to  date.  The  candidate  “Jurors"  In  such  a  suite  have 
been  described  above.  The  schematic  of  such  a  system  Is  shown  In  Figure  t>,  where  the  best  candidates 
are  assembled  In  an  artificial-intelligence  driven  package  that  Is:  1)  Invisible  to  the  pilot  and,  2) 
Interfaced  with  the  1553  mux  buss  of  the  aircraft.  The  AAMRL  will  continue  pursuing  the  development  of 
a  LOCOMS  which  can  be  demonstrated  In  the  near  future, 
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3.  Future  Research 

A  research  program  for  the  investloation  of  the  baste  physiology  of  BLOC  Is  currently  underway  at.  the 
USAF  School  of  Aerospace  Medicine  (Werchan,  1989).  This  program  will  investigate  the  cellular  basis  for 
GLOC  and  hopefully  lead  to  a  better  understanding  of  the  phenomenon,  Until  a  cellular  basis  can  be 
identified,  it  may  be  useful  to  test  a  number  of 'promising  methods  to  shorten  the  period  of  pilot 
incapacitation  following  GLOC.  Promising  measures  include  the  sustained  or  pulsatile  inflation  of  the 
anti  G  suit.  This  measure  would  Increase  the  recovering  pilot's  blood  pressure  by  approximately  25mm  Hg 
with  the  present  generation  AGS  and  wou.d  pruvide  powerful  kinesthetic  stimulation  to  aid  arousal,  Such  a 
system  would  require  an  electronically  controllable  AGS  valve  interfaced  with  the  mux  buss  and  the  10C0MS. 
Such  a  valve  is  being  developed  at  the  Armstrong  Aerospace  Medical  Research  Laboratory. 

Loss  of  consciousness  research  at  the  AAMRL  will  focus  on  1)  recording  as  many  physiological  and 
psychological  variables  as  possible  from  the  volunteer  subjects  and  2)  testing  of  the  candidate  Juror 
subsystems  in  a  LOCOMS.  GLOC  study  results  from  both  the  USAF  School  of  Aerospace  Medicine  and  the  Naval 
Air  development  Center  will  be  incorporated  with  the  findings  at  AAMRL  to  develop  a  prototype  LOCOMS  by 
1995.  A  future  development  will  be  the  microprocessor-based  algorithm  that  will  analyze  the  aircraft 
and  physiological  metrics  of  the  LOCOMS  and  decide  whether  or  not  the  pilot  is  incapacitated. 

Since  the  LOCOMS  concept  was  introduced,  the  advances  being  made  in  neural  network  computing 
machinery  have  necessitated  a  complete  re-thinking  of  the  conventional  serial  von  Neuman  machine 
approach  to  the  artificial  intelligence  aspects  of  the  system.  Today  there  are  commercial  off-the-shelf 
general  purpose  neurocomputing  systems  costinn  less  than  $20,000  which  have  been  demonstrated  to  be 
capable  of  recognizing  individual  faces.  A  special  purpose  system  of  this  type  could  be  trained  to 
recognize  the  physical/postural  behavior  of  individuals  losing  consciousness  under  sustained 
acceleration  and  obvIUe  wist  of  the  necessity  for  a  sensor  suite  jury  for  the  estimation  of  pilot 
physiological  status.  Such  a  system  could  actually  be  trained  in  a  two  seat  fighter  aircraft  using 
unprotected  subjects  in  the  aircraft  cockpit  in  order  to  obtain  a  wider  and  deeper  knowledge  base  after 
having  first  been  trained  on  video  images  obtained  in  human  centrifuges.  Such  a  system  has  been 
developed  by  the  Information  Systems  Research  Laboratory  (1SRL)  at  the  David  Sarnoff  Research  Center, 
Princeton,  NJ.  I SRL  developed  the  system  for  the  Nielson  Media  Research  Company.  Nielson,  the  ratings 
company  that  helps  networks  determine  what  Americans  watch  on  television,  wants  to  plate  the  systems  on 
top  of  televisions  in  the  homes  of  those  4000  dedicated  TV  viewers  who  are  selected  by  Nielson  in 
determining  the  most  popular  American  TV  programs.  The  smart  sensing  system  recognizes  faces  in  near 
real-time  (Popular  Science,  1990).  Such  a  development  would  have  tremendous  potential  for  use  in  a 
LOCOMS.  The  problem  of  identifying  a  slumping  head,  with  a  helmet  (visor  up  or  down)  is  a  much  simpler 
problem  than  that  of  identifying  an  individual's  face.  Combining  such  a  system,  utilizing  a 
miniaturized  video  camera,  with  a  simple  von  Neuman  expert  syr‘em  tracking  aircraft  altitude,  attitude, 
and  maneuver  parameters  would  be  a  methodology  offering  great  potential  for  an  accurate  and  reliable 
LOCOMS.  An  initial  list  of  attributes  and  values  for  a  LOCOMS  program  is  shown  in  Table  I, 

4.  Enhancement  of  Recovery  from  G-LOC 

An  additional  useful  feature  that  might  be  added  to  fhe  LOCOMS  system  would  enhance  recovery  from  a 
G  induced  loss-of-consciousness .  During  G-LOC  there  is  a  period  of  total  incapacitation  during  which 
frank  unconsciousness  prevails.  This  has  been  termed  the  period  of  absolute  incapacitation  (Wninnery, 
1986).  Following  nominal  recovery,  when  the  individual  is  "awake"  and  nominally  responsive,  there  is  an 
additional  period  during  which  the  Individual  is  in  a  confused  state  and  not  capable  of  purposeful 
action.  This  has  been  termed  the  period  of  relative  incapacitation  (Whinnery.  1986).  It  was  suggested 
by  Whinnery  (1987)  that  attention  ought  to  be  given  to  reducing  this  period  of  partial  incapacitation. 

It  is  likely  that  the  brain  has  been  re -oxygenated  to  some  threshold  level  when  nominal  recovery 
occurs.  The  arterial  blood  may  well  be  resaturated,  but  it  can  be  speculated  that  there  is  a 
biochemical/biophysical  transfer  function  that  defines  the  time  required  to  transport  oxyger.  across  the 
cell  walls  in  order  to  complete  restoration  of  brain  tissue  oxygen  levels.  The  use  of  100X  oxygen  might 
shorten  that  time,  and  could  he  used  on  an  experimental  basis  if  the  realities  of  cerebral 
neurophysiology  indicate  that  there  is  any  likelihood  that  It  would  be  effective. 

During  this  recovery  period  It  Is  certain  that  artificially  raising  the  pilot’s  blood  pressure 
would  cause  no  harm  and  could,  conceivably,  shorten  the  length  of  time  for  full  recovery.  There  are  at 
least  three  methodologies  by  which  this  might  be  done  -  hydrostatically,  mechanically  and  pharmacolog¬ 
ically.  After  a  GLOC  has  been  confirmed,  a  low  negative  Gz  could  be  placed  on  the  pilot  by  rolling  the 
aircraft  or  placing  it  In  an  attitude  that  would  result  in  negative  Gz.  Of  course,  such  a  maneuver 
could  severly  disorient  a  pilot  recovering  from  a  GLOC  episode;  this  technique  which  relies  on  hydro¬ 
statics  and  the  direction  of  the  gravity  vector,  would  necessarily  require  pilot  advice  for  development. 

A  recovery  system  to  raise  the  blood  pressure  mechanically  would  require  that  the  pilot's  anti-G  suit  be 
Inflated.  A  sequentially  inflating  anti-G  suit  (Van  Patten,  1985)  might  be  even  more  effective  in  this 
role  because  It  would  encourage  the  return  of  blood  to  the  central  circulation  in  a  more  natural  manner 
than  a  conventional  snti-G  suit.  This  technique  would  require  the  use  of  an  electrically  or  electron¬ 
ically  controllable  valve  (Van  Patten,  1985;  Van  Patten,  1986). 

There  are  a  number  of  pharmacological  candidates.  Carbon  dioxide  is  known  to  enhance  G  tolerance 
because  (t  increases  peripheral  vascular  resistance  and  cardiac  output,  thus  increasing  mean  arterial 
blood  pressure.  For  a  short  period  of  time  a  mixture  of  95X  oxygen  and  5t  carbon  dioxide  could  easily 


be  administered  via  the  oxygen  mask.  Acetaiolamlde,  a  compound  similar  In  action  to  carbon  dioxide  and 
commonly  used  for  the  relief  of  altitude  sickness)  could  be  administered  in  the  form  of  an  aerosol  to 
the  oxygon  mask  and  might  be  easier  to  Implement  than  a  carbon  dioxide  system  unless  such  a  system  had 
been  provided  Is  a  routine  portion  of  an  acceleration  tolerance  enchancement  measure. 

Subjecting  the  individual  to  a  noxious  smell  could  be  of  value  In  this  period  of  GLOC  recovery. 
Smelling  salts  have  a  long  and  time  honored  reputation  and  have  the  advantage  of  vigorously  arousing  the 
“reptile"  brain  since  smell  H  the  most  primitive  sense.  A  painful  olfactory  stimulus  combined  with 
voice  syntheslzec  exhortations  might  succeed  In  arousal  in  the  cockpit  as  well  as  similar  measures  do  In 
the  Intensive  care  unit. 

What  Is  certain  Is  that  the  etiology  of  G-induced  loss-of-consclousness  and  Its  sequelae  are 
Incompletely  understood.  Past  research  (Squires,  et  al..  1964 ;  Berkout.,  et  al,,  1973;  Cope,  1970; 
Reader,  1979;  Harks,  et  al,,  1969;  Mltarai,  et  al,,  1968;  Jasper,  et  at.,  1942;  Adey,  1975;  and  Herraro, 
1973)  leads  to  the  conclusion  that  some  effect  other  than  simple  hypoxia  Is  Involved.  It  is  hoped  that 
work  now  In  progress  at  the  USAF  School  of  Aerospace  Medicine,  the  Naval  Air  Development  Center  and  the 
Armstrong  Aerospace  Medical  Research  Laboratory  will  yield  new  Insights  Into  this  process. 

5.  Conclusion 

The  crucial  Issue  of  operational  utility  of  a  LOCOMS  system  Is  pilot  acceptance.  Experience  with 
the  auto-save  system  demonstrated  in  the  AFT1/F-16  has  shown  that  a  logic  and  aircraft-state  system 
could  do  much  to  alleviate  the  loss  of  pilots  and  aircraft  from  the  sequelae  of  G-lnduced 
loss-of-consclousness.  A  physiological  state  variable  based  system  such  as  has  been  described  here 
seems  a  natural  for  combination  with  an  auto-save  system  and  would  result  In  enhanced  reliability  and 
reduced  false  alarm  incidents,  both  of  which  would  lead  to  greater  acceptance  and  reliance  pn  the 
system. 

The  development  of  high  G  training  curricula  for  USAF  pilots  enrolled  In  lead-in  fighter  training 
at  Holloman  AFB,  should  greatly  reduce  the  risk  of  GLOC.  The  development  of  an  assisted  positive 
pressure  breathing  system,  called  Combat  Edge,  will  better  protect  Air  Force  pilots  from  long  duration, 
high  G  exposures,  and  hopefully,  help  reduce  GLOC  statistics.  Neither  one  of  these  developments,  singly 
or  together,  will  totally  eradicate  the  GLOC  problem. 

Several  Individual  sensors,  which  have  been  developed  and  tested  at  the  AAMRL,  offer  promise  to  the 
eventual  development  of  a  LoSS-of-Consclousness  Monitoring  System  (LOCOMS)  for  high  performance 
aircraft.  The  development  of  a  microprocessor-based  artificial  intelligence  system  for  a  LOCOMS  has  yet 
to  be  developed  but  Is  entirely,  technically  feasible.  All  of  this  technology  Is  commercially  available 
at  present  and  would  allow  the  rapid  development  of  such  a  system. 
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Table  I 

Initial  List  of  Attributes  and  Values  for 
Loss  of  Consciousness  Monitor  (LOCOMS)  Expert  System 

1.  AC.  AIT  {AIRCRAFT  ALTITUDE) 


0 ver .  10K  (Current  altitude  la  above  10,000  FT  AGL) 
Under ,  10K  (Current  altitude  Is  below  10.000  FT  AGL) 

2.  AC .  ATT  (AIRCRAFT  ATTITUDE) 

No;o .  Up 

Nose ,  Dn 

3.  AC.  KNOTS  (AIRCRAFT  SPEED) 

Over .  40  (Current  aircraft  speed  Is  above  400  knots) 
Under .  40 

4.  AC .  GEES  (CURRENT  Ga  STATUS) 

Any  value  belwean  -5  and  *12 

5.  AC.jQDOT  (CURRENT  RATE  OF  CHANGE  OF  Qi) 
Any  value  between  0  and  +6  Q/SEC 

6  PAST. GEES  (HIGHEST  Gi  VALUE  PULLED  IN  PAST 
30  SECONDS) 

Any  value  between  -5  end  +12 
7.  PAST .  GDOT  (HIGHEST  ONSET  RATE  PULLED  IN 
PAST  30  SECONDS) 

Any  value  between  0  and  +6  Q/SEC 
B  GSUIT  FN  (IS  G  SUIT  CURRENTLY  PRESSURIZED) 
Yes/No 

9.  PAST  GSUIT  (HAS  G  SUIT  SEEN  PRESSURIZED  IN 
LAST  30  SECONDS) 

Yes/No 

10  GRIP .  STIK  (DOES  PILOT  HAVE  A  GRIP  ON  THE 
STICK) 

Yes/No 

11.  GRIP .  THROT  (DOES  THE  PILOT  HAVE  A  GRIP  ON 
THE  THROTTLE) 

Yes/No 

12.  HEAD  .  POSN  (IS  PILOT'S  HEAD  UPRIGHT) 

Yes/No 

13  HEAD  .  MOV  (IS  PILOT'S  HEAD  MOVING) 

Yes/No 


14.  STRAIN.  NOW  (IS  PILOT  STRAINING  RIGHT  NOW) 
Yes/No 

tS.  PAST .  STRAIN  (IF  PAST  .GEES  >  +4,  HAS  PILOT 
DONE  STRAIN) 

Yes'No 

16  BLINK  .  RATE  (HOW  MANY  TIMES  HAS  PILOT 
BLINKED  IN  THE  PAST  10  SEC) 

0,  1.  >1 

17  PULS  .  PAST  (HAS  THE  SUPERFICIAL  TEMPORAL 
ARTERY  PULSE  DISAPPEARED  AT  ANY  TIME  IN  THE 
PAST  30  SEC) 

Yes/Nn 

18.  PULS  .  NOW  (IS  THERE  A  SUPERFICIAL  TEMPORAL 
ARTERY  PULSE  NOW) 

Yea/No 

19.  EEG  .  STAT  (HAS  THE  EEG  SPECTRUM  SHIFTED 
FROM  ALPHA  TO  DELTA  DURING  PAST  10  SEC) 
Yea/No 

20  SEIZE  STAT  (HAS  SEIZURE  DETECTOR  INDICATED 
SEIZURE  ACTIVITY  DURING  THE  PAST  10  SEC) 
Yes/No 

21.  STICK. STAT  (HAS  THERE  BEEN  STICK  ACTIVITY  IN 
THE  SEIZURE  FREQUENCY  PASSBAND  IN  THE  PAST 
10  SEC) 

Yea/Nc. 

22.  BLOOD  .  PRESS  (HAS  EYELEVeL  BLOOD  PRESSURE 
MODEL  INDICATED  ZERO  BLOOD  PRESSURE  IN  THE 
PAST  10  SEC) 

Yea/No 

23  MARBLES  .  OK  (HAS  PILOT  RESPONDED 
COHERENTLY  TO  SYNTHESIZED  VOICE 
CHALLENGES) 

Yea/No 


Block  Diagram 


Figure  1.  Interrelationship  of  Aircraft  and  Physiological  Metrics  in  a  LOCOMS 
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DETECTOR 


Figure  2.  Eye  Blink  Detector 
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Figure.  3  Head  Slump  Detector 
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Two  Filter  GLOC  Monitor 
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SUMMARY 

A  multiple-filter  GLOC  desip  framework  was  derived.  The  framework  recognizes  the  computational 
limitations  of  current  and  modified  airborne  avionics  suites.  The  sequential  gating  approach  minimizes  load  on 
supporting  computer  resources.  As  context  and  symptoms  dictate,  however,  appropriate  processing  is  applied.  The 
framework  is  introduced  as  a  provocative  statement  of  design  constraints  inherent  in  1970's  jet  architectures.  The 
simplicity  of  design  and  implementation  minimizes  software  engineering  requirements,  and  holds  hardwarc/intcriace 
development  to  but  one  requisite  innovation-a  helmet-integrated,  ICS-capable  earplug  that  would  serve  as  a  blood 
velocity,  Doppler  sensing  and  transdusing  agent. 


INTRODUCTION 

Future  tactical  aircraft  will  be  capable  of  phenomenal  velocities,  accelerations,  as  well  as  climb,  and  turn 
rates.  According  to  many  sources,  included  and  summarized  by  the  U.S.  National  Research  Council  (NRC;  1), 
vehicle  dynamics  improvements  will  be  supported  by  numerous  technological  advances.  A  non-exhaustive 
summary  of  identified  engineering  gains  is  indicated  in  Table  1 . 


Table  1. 


Technology 

Torgol 

Entblvr 

Aorodynamict 

Drag rtdueton 

Latnlnw  no*  conuol 

20-26% 

Acuvfc'panlvfl  conctpu 

Twbuitnl  ffow  control 

2640k  tobionic 

Prtiiur*  pad«n1  modi,  *tc. 

W«M«<*«g 

10-15%  tupWMiVC 

induced  drag 

40%  lor  hghton 

Plantorm  6  wucurei  chongt* 

Amur*  6  (Ioim  goomulry 

Vortt* 

Active  vert**  control 

Dopvuro  Ire*  eonligurnJon 

T/O-iandmg  MpartUon 

40-50% 

W«tnvo<1t«  OKWMUn 

A»ro/propuWon 

mngwion 

TrO  landing  iXUutcm 

SuMUptlol 

Thrirtt  vtctoring/rtvb ling 

Ut  tnh«re*m«iu 

Doubt  m«u»  lift 

Low  «ngln«  bIMd  ptopul»l*o  lilt 

WilgM  rodueHon 

Improved  ptrf/mrv. 

AdaoOvt  Inlflfc'noutei 

Propul  »en 

Engine  irvt«tn«i  ttrrip* 

400--00 (ft  Irnprpvtmonii 

CompiMMi  vtlcfency 

60-00%  lor  modtralQ-slr* 

ccmptottors 

B*«lng  (MBlonjI  «#*d 

To  3.5  mdlon  DN 

Stuctuiot 

High  tpood  propUtlon 

To  macD3  5  /Cl2rogirm 

Spodllc  pod.  pruwroiwi 

Maximize  «aro.  ptd. 

Adaptiv*  wing  inopot 
ChorMto.  tptnwlit 

Tompotttuto  lobutBHt 

To  14mpn«i_i01*d  on 

low  wtlgry.  tompotitti 

turlacM  ol  orwii  miuMt 

P roouldv*  lyitemi 

25-50%  nxx#  •tficltnl 

50%  Ihi  oottly 

50%T,WrnJo 

100%  loogcr  Ilia 

The  human  consequence  of  vehicle  dynamic  improvements  is  very  significant.  Current  tactical  air  missions 
are  already  recognized  as  being  limited  by  human  physiology  and  psychology.  Without  adequate  protection  (e.g., 
from  G)  or  suitable  enhancement  (e.g,  from  informational  overload),  the  improvements  predicted  for  future  aircraft 
in  Table  1  will  be  only  minimally  exploitable  by  human  aircrews. 
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Projected  protections  and  enhancements  wilt  necessarily  rely  considerably  on  computational  advancements. 
Data  acquisition  and  processing  capabilities,  as  indicated  in  Table  2,  will  accelerate  much  as  those  listed  in  Table  1 . 

To  the  extent  that  they  are  exotic  (e.g..  physiological  infercncing  techniques),  successful  pilot  monitoring  and 
recovery  systems  (PMRSs)  will  require  robust  sensors  and  very  high  speed  data  sampling  and  processing  (DSP) 
capability.  As  indicated  in  Table  2,  future  aircraft  will  carry  sophisticated  computer  machinery,  with  presumably 
adequate  provision  in  software  and  hardware  to  incorporate  exotic  PMRS  requirements. 


Table  2. 


TMhnaiegy 

TMOtl 

Improvement 

Componentry 

Coil  eHecUveneei 

Si* 

3  ofdara  ol  magnitude 

Supercompolellon 

Procmlng 

Random  ecceu  mtmoiy 
Ex  Kin  ion  rat* 
M*int*nino« 

To  100,000  elements 
lOOWofdi 

1.000  GFLOPS 

No  unecheduled 

MIL-STD  eyilemi 

Preeeeier* 

RAM 

1,000  MIPS 

SO  MWordi 

FtoavOptkre 

Cepecly 

25-50  QbK/sediber 

Oljptay  lyilenil 

Resolution 

Local  prooaiilng 

BK  x  8K  pixel! 

100-1 ,000  MIPS  on 

32  W  operands 

50  MWotde  RAM 

10-100  MWorde  rotating  iloiege 

Software 

AreNtedui* 

Dlttrbirilor) 

HeUrg*n»rty 

The  number  of  processors  and  processable  bytes  likely  to  board  emerging  aircraft  is  growing  very  rapidly. 
Future  tactical  aircraft,  for  example,  will  include  3-D  digital  integrated  circuitry,  as  well  as  highly  advanced 
componentry.  Memory  density  will  probably  continue  to  increasc--by  an  order  of  magnitude  every  five  years.  The 
avionics-computer  industry  expects  to  achieve  between  .5  and  1  gigabyte  per  sec,  per  optic  fiber  by  year  2000. 
Likewise,  processor  organization  will  make  tremendous  gains:  Massively  parallel,  distributed  architectures  will 
solve  the  enigmatic  von  Neumunn  ceiling,  and  we  are  likely  to  see  airborne  computers  capable  of  1 .000  GFLOPS 
with  upwards  of  10  GWords  of  Random  Access  Memory  (RAM)  per  processor.  Similar  advances  will  be 
evidenced  in  software  technology.  So-called  artificial  intelligence,  including  very  sophisticated  pattern  recognition 
routines,  expert  advisory  systems,  and  theorem  provers  will  likely  prove  to  be  flight  worthy  within  ten  years. 

For  current  inventory  aircraft,  the  picture  is  soberingly  different.  Computer  capability  aboard  current,  and 
modified/current-generation  tactical  air  platforms  is  quite  modest  by  tomorrows  standards.  The  current  F/A-18,  for 
example,  is  configured  with  two  M1L-STD  AYK-14  mission  computers.  Each  AYK-14  supports  I28K  of  core 
memory,  128K  of  EEPROM  and  64K  of  RAM  for  a  total  memory  capacity  of  320K.  Each  AYK  has  five  channel 
accesses  to  a  MIL-STD  1553  data  bus.  This  configuration,  with  both  mission  computers  in  operation,  has  a 
processing  power  of  approximately  1.6  MIPS. 

The  F/A-18  C  and  D  (lots  15  and  above)  architecture  is  based  on  a  VHSIC  (very  high  speed  integrated 
circuitry)  Processor  Module  (VPM)  in  each  mission  computer.  The  VHSIC  processor  will,  in  the  near  term, 
increase  the  processing  power  by  half  an  order  of  magnitude,  enabling  the  system  to  support  approximately  8 
million  instructions  per  second.  An  additional  channel  will  also  be  added  to  the  F- 18  architecture,  resulting  in  six. 
total.  These  modifications  are  scheduled  to  be  introduced  by  1995. 

Similarly,  the  current  Navy  F-14  is  also  configured  with  two  AYK-14  mission  computers,  each  with  five 
MIL-STD  1553  data  bus  channels.  The  mission  computers  are  not  engineered  like  those  of  the  F-18,  however: 
Total  memory  capacity  for  the  Navy  Tomcat  is  only  868K.  Memory  is  partitioned  into  64K  of  core  memory,  640K 
of  EEPROM  and  64K  RAM.  The  net  processing  capability  of  the  current  F-14  mission  computers  is  approximately 
16  MIPS  -similar  to  that  of  the  F/A-18. 

Within  the  context  of  the  development  of  PMRS  candidates,  the  importance  of  a  clear  understanding  of  on¬ 
board  computational  resources  is  essential.  Whereas  exotic  means  of  pilot  monitoring  mav  be  reliably  supportable 
on  future  aircraft,  today's  computer  memory  and  speed  represent  hard  boundaries  for  the  design  of  monitoring 
techniques  in  state  of  the  art  jets. 


APPROACH 


The  present  effort  was  aimed  at  producing  a  general  framework  for  the  design  of  a  FMRS  for  current 
inventory  tactical  aircraft,  The  global  engineering  considerations  for  such  a  system  are  characterized  in  Figure  I , 

An  implication  of  Figure  1  is  that,  today,  we  are  probably  limited  to  human  body  interface  design 
enhancements.  These  may  be  partitioned  into  two  fundamental  types;  Those  which  require  no  physiological  input 
(i.e..  open  loop)  and  those  which  do.  The  first  are  prophylactic  measures;  they  are  designed  to  improve  net  system 
O  capability  to  some  finite  end  point,  One  emerging  example  Is  a  system  which  predicts  O  based  on  control  stick 
dynamics  to  support  the  timely  (pre-)  inflation  of  pneumatic  garments.  Another  is  the  baseline,  or  Graduated 
elevation  of  the  pelvis  and  lower  limbs. 

Physiological! v-closed  measures  include  (1)  sophisticated  means  to  assess  conditions  for  GLOC  occurrence, 
in  order  to  condition  a  physiologically-based  indication  (e,g„  impending  GLOC)  which  then  warn  the  pilot  in  order 
to  allow  him  to  relax  stick  pressure,  reduce  G,  and  restore  physiological  reserve;  and  (2)  means  to  sense  or  infer 
pilot  incapacity,  and  subsequently  to  recover  control  of  the  aircraft.  The  approach  taken  presently  incorporated  both 
of  the  closed  loop  measures. 


AIRCRAFT  G  CAPABILITY 

■  ■  ■  -  ■'  — 


Figure  1.  Requirements  for  C-protection,  Progress  in  aircraft  G  ability  has  thrust  us  almost 

exclusively  into  the  DESIGN-rcllable  phase 

DESIGN  FRAMEWORK 

The  design  framework  offered  presently,  honors  the  following  five  assumptions; 

(1)  demands  on  very  limited  computer  resources  must  be  prioritized  throughout  flight, 

(2)  context  may  be  inferred  on  the  basis  of  the  physics  of  flight,  and  must  serve  as  an  input  for  prioritizing 
computer  resources, 

(3)  a  sequential  gate  system  can  be  mechanized  such  that  processing  priorities  may  he  managed  with 
sufficient  speed, 

(4)  a  reliable  helmet-integrated  car  plug  sensor  can  be  engineered  such  that  blood  velocity  Doppler  soundings 
can  be  detected  as  depicted  in  Figure  2,  and  transduced,  and,  finally, 

(5)  such  a  system  can  be  effectively  integrated  into,  perhaps  a  not  so  accommodating  human-machine  system 
within  which  it  is  closed. 


Figure  2.  Earplugs  engineered  to  sense  blood  flow  acoustics.  Doppler  packaged  and  sent  to 
mission  computer  via  MIL*STD  1S53  data  bus.  Active  noise  reduction  could  be  integrated  as 
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Figure  3.  Basic  Design  Logic 


Implementation 

Implementation  of  the  foregoing  logic,  as  shown  in  the  computer  architecture  diagram  in  Figure  4,  requires 
software  and  hardware  changes  that  imply  modest  engineering  effort.  The  Operational  Flight  Program  (OFP) 
resident  in  the  AYK-14  would  be  modified  to  call  a  software  routine  designated  FILTER  1.  This  subroutine  is  an 
algorithm  which  provides  a  two-filter  GLOC  monitor, 

The  first  stage  of  the  algorithm  takes  the  value  of  Gz  from  the  1553  databus  and  calculates  a  sliding  numerical 
integration  over  time.  This  provides  a  measure  of  the  total  Gz  sustained  over  a  period  of  time  termed,  G-density 
(GDEN).  When  GDEN  reaches  a  criterion  value,  the  output  from  the  Doppler  sensor  is  monitored.  It  is  not 
necessary  to  monitor  the  sensor  output  below  criterion  value,  hence  the  extra  load  on  the  system  is  minimized. 
However,  it  must  be  ensured  that  the  limen  value  is  set  low  enough  to  allow  for  the  wide  variety  of  G  levels  at 
which  GLOC  occurs,  'the  experimental  data  (Houghton,  McBride,  and  Hannah,  1985, 2)  show  a  tractable  range 


across  subjects,  although  research  should  focus  on  idiographics  rather  than  group  modeling.  Most  work,  however, 
has  concentrated  on  the  construction  of  models  based  on  nomothetical  data  (e.g„  Burton,  3). 

It.  the  second  stage  of  the  algorithm,  Doppler  output  is  monitored  and  compared  with  a  critical  value.  When 
the  output  fails  below  critical  value,  indicating  imminent  GLOC,  a  discrete  variable  is  set  true.  Detection  of  the 
logical  true  slate  causes  an  aural  warning  tone  to  be  emitted  through  the  pilot's  headset.  When  the  pilot  reduces  the 
G  load,  the  Doppler  output  falls  below  the  critical  value  and  the  warning  ceases.  The  measurement  and  monitoring 
of  the  Doppler  output  thus  form  the  second  filter. 

Modifications  Required  to  Existing  Avionics 

The  two-filter  GLOC  monitor,  as  outlined  above,  can  be  incorporated  into  the  OFP  of  the  AYK-14.  The 
primary  modification  to  existing  avionics  required  to  implement  the  GLOC  monitor  is  the  addition  of  the  algorithm 
F1LTER1  to  the  OFF,  The  algorithm  is  short  and  does  not  require  complex,  time  consuming  operations. 

Modifications  to  the  1553  databus  traffic  are  such  that  the  Doppler  output  of  the  sensor  and  the  0/  are  inputs 
to  the  AYK-14,  The  flag  set  within  the  OFP  to  indicate  imminent  GLOC  must  be  output  from  the  AYK-14  onto  the 
databus.  There  are  a  number  of  spare  discrete  variables  available  within  the  OFP  so  the  modificiation  of  software 
required  is  minimal.  The  flag  should  be  monitored  remote  from  the  AYK-14,  possibly  within  the  communications 
(ICS)  software,  in  order  to  generate  the  aural  warning  when  the  flag  is  set  "on". 


Figure  4.  Avionics  architecture  for  leading  indicator,  and  first  stage  concurrent  indicator  GLOC 

gates 
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Concurrent  Determinations  of  GLOC 

If.  despite  the  GLOC  warning  system,  the  pilot  becomes  unconscious,  additional  computing  power  is 
required  to  determine  GLOC  and  to  control  the  aircraft.  There  are  a  number  of  algorithmic  methods  to  confirm  (with 
Doppler  data)  GLOC,  which  could  be  operational  based  on  selection  by  the  pilot.  For  example,  if  the  pilot  has  not 
made  a  "sensible"  control  input  for  a  specifiable  or  context-dependent  elapse  of  time,  override  Is  executed.  The 
algorithms  would  likely  use  information  from  a  ground  proximity  warning  system.  When  GLOC  occurs, 
computing  resources  would  be  reprioritized.  With  the  pilot  unconscious,  of  course,  it  is  not  necessary  to  maintain 
allegiance  to  ongoing  computer  regimen.  In  such  case,  the  AYK-14  need  not  update  the  aircraft  displays  at  their 
normal  rate.  Priority  would  dictate,  rather,  that  adequate  computer  resources  be  directed  to  the  GLOC  problem. 

CONCLUSIONS 

A  leading  indicator  filter  was  derived  in  order  to  (1)  minimize  data  sampling  and  processing  required  of 
contemporary  computer  capability  for  predicting  GLOC;  the  leading  indicator  filter  in  turn  (2)  actuates  a  concurrent 
indicator  GLOC  filter  which  is  designed  to  ascertain  pilot  state  accurately  (with  considerable  but  tactically  acceptable 
computer  burden)  and  initiate  recovery.  It  appears  that  the  processing  load  required  to  support  the  proposed 
architecture  would  be  readily  accommodated  by  U.S.  Navy  tactical  aircraft  avionics  upgrades. 

REFERENCES 

(1)  Aeronautics  Technology  Possibilities  for  2UOO:  Report  of  a  Workshop.  Aeronautics  and  Space 
Engineering  Board,  Commission  on  Engineering  and  Technical  Systems,  National  Research  Annual:  1984. 

(2)  Houghton,  J.O.,  McBride,  D.K.  &  Hannah,  K.,  Performance  and  physiological  effects  of 
acceleration-induced  (+Gz)  loss  of  consciousness.  Aviation  Space  and  Environmental  Medicine.  1985,56,956- 
965. 


(3)  Burton,  R.R.,  A  conceptual  model  for  predicting  pilot  group  G  tolerance  for  tactical  fighter  aircraft. 
Aviation  Space  and  Environmental  Medicine.  1 896, 52. 733-744. 


A  COMPARISON  OF  COMPUTERIZED  MEASUREMENT  OF  HELICOPTER  PILOT  PERFORMANCE 
WITH  ATROPINE  SULFATE  DURING  ACTUAL  AND  SIMULATED  FLIGHT 

by 


5-1 


J.A.CaWwell,  Jr..  Ph.D. 
and 

H.D  John,  Ph.D. 

U,S,  Army  Aeromedical  Research  Laboratory 
Fort  Rucker,  Alabama  36362-5292 
United  States 


Summary 

The  requirement  for  aviators  to  operate  under  stressful 
circumstances  raises  concerns  over  both  safety  and  effectiveness. 
Although  appropriate  countermeasures  for  stress-induced  performance 
deteriorations  are  available,  the  Implementation  of  these  counter¬ 
measures  require  that  commanders  know  the  time-course  and  extent  of 
the  problem.  For  this  reason,  the  U.S.  Army  Aeromedleal  Research 
Laboratory  has  focused  research  on  the  practical  assessment  of 
helicopter  pilot  degradation  using  flight  performance  assessments 
which  combine  enhanced  automation  and  objectivity  with  optimized 
data  analysis  procedures.  Recently,  the  sensitivity,  accuracy, 
and  consistency  of  these  assessment  systems  were  demonstrated  while 
studying  the  effects  of  atropine  sulfate  on  aviator  performance. 

Both  simulator  and  helicopter  systems  detected  atropine-related 
performance  problems  across  a  var’.ety  of  aircraft  control  parameters. 
Also,  analysis  of  combined  simulator  and  helicopter  data  snowed 
rentarkable  consistency  :>**  effects  across  the  two  flight  platforms. 
This  verification  of  performance  measurement  using  computerized 
schemes  in  both  simulator  and  slroraft  has  not  only  substantiated  a 
feasible  methodological  approach,  but  has  furthered  the  conceptual 
development  of  newer,  portable  assessment  devices. 


Introduction 

Accurate  measurement  of  pilot  performance  has  been  of  interest  to  the  aviation 
community  for  yearn.  The  implementation  of  new  operational  procedures,  the  fielding  of 
appropriate  pharmacological  Interventions  (like  antidote,  pretreatment,  and  performance- 
enhancement  drugs),  and  the  Improvement  of  training  and  tactical  operations  all  would  be 
facilitated  If  their  effects  on  aviator  performance  could  be  accurately  assessed. 
Particularly  during  the  past  20  years,  substantial  progress  has  been  made  toward  develop¬ 
ing  and  refining  various  performance  assessment  strategies.  Varloua  approaches,  both 
subjective  and  objective,  have  been  developed  and  used,  but  many  unanswered  questions 
remain  concerning  the  sensitivity  and  reliability  of  each  approach. 

Probably  the  most  widely  used  assessment  techniques  Involve  subjective  ratings  made 
by  either  the  pilot  himself  or  a  passive  observer.  Subjective  ratings  have  been  used  to 
evaluate  both  aircraft  handling  qualities  and  actual  pilot  performance.  For  review  see 
Lees  and  Elltngstad.  These  rating  systems  have  the  advantages  of  face  validity,  low 
cost,  and  relative  simplicity;  however,  they  are  susceptible  to  the  sort  of  rater-  ~ 
Induced  variability  which  la  particularly  a  problem  In  difficult  or  ambiguous  tasks' 

Objective  ratings  of  pilot  performance  bypass  many  of  the  undesirable  factors 
associated  with  subjective  assessments  because  the  collected  data  are  recorded  directly 
from  mechanical  or  electronic  sensors  and  are  analyzed  by  a  computer.  Objective 
measurement  schemes  have  the  advantages  of  being  fast,  efficient,  and  free  of  rater  bias; 
however,  they  are  often  expensive  and  complicated,  and  straightforward  data  Interpreta¬ 
tions  are  sometimes  elusive, 

In  spite  of  the  current  drawbacks  with  regard  to  the  available  assessment  tech¬ 
niques,  clearly  there  Is  a  need  for  both  subjective  and  objective  measures  of  pilot 
performance  which  can  be  used  In  research  and  operational  settings.  Each  strategy 
possesses  relative  strengths  and  weaknesses  which  must  be  considered  on  a  situational 
basis  before  the  optimal  approach  can  be  chosen  and  applied.  It  Is  then  the  task  of  each 
Investigator  to  establish  the  sensitivity,  reliability,  and  penerallzablll ty  of  any 
selected  approach. 

Researches  at  the  U,5.  Army  Aeromellcal  Research  Laboratory  (IJSAARL)  capitalize  on 
computerized  assessments  or  pilot  performance  to  examine  the  effects  of  a  wide  array  of 
stressors  In  the  belief  performance  changes  can  be  accurately  and  objectively  detected. 
Research  performed  In  a  2-degree  of  motion  helicopter  operational  training  (HOT)  almula- 
tor  and  an  Instrumented  UH-1H  nelioopter  relied  uport,computer-based  measurements  to 
detect  performance  degradations  Induced  by  atropine.  " 


Here,  we  will  demonstrate  the  feasibility  of  assessing  pilot  performance  with 
computerized  systems  as  well  aa  the  degree  to  which  potential  In-flight  problems  mey  be 
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accurately  established  Using  a  ground-based  simulator,  Since  this  report  stems  from  two 
studies  Involving  the  same  stressor  (atropine)  and  similar  designs,  we  will  also  show 
both  the  sensitivity  and  consistency  of  two  analogoue  computer-based  performance 
assessment  systems. 


Method 

Subjects .  Twenty-four  U.S.  Army  helicopter  pilots  were  used  to  collect  the  data 
reported  here.  Twelve  of  these  subjects  participated  in  a  simulator  assessment  of 
atropine,  and  12  were  involved  during  in-flight  atropine  testing.  These  subjects  were 
between  the  ages  of  21  and  35.  and  possessed  unoorreuted  20/20  vision  and  normal  hearing. 

Apparatus .  The  performance  measurement  system  used  In  the  simulator^  collected  datA 
on  heading,'  altitude,  airspeed,  pitch,  roll,  trim,  climb  rate,  turn  rate,  Instrument 
landing  system  (ILS)  localizer,  ILS  glide  slope,  and  several  other  parameters.  Data  were 
collected  from  the  2-degree  of  motion  simulator  using  an  Electronic  Associates 
Incorporated  (EAI)  681  analog  computer  Interfaced  with  a  Digital  Equipment  Corporation 
(DEC)  LPA-11K  microprocessor  and  a  DEC  VAX  11/780  computer.  Channels  were  sampled  at  a 
rate  of  up  to  20  times  per  second.  Specialized  software  provided  real-time  procesaing 
capability,  oontrol  of  maneuver  sequencing,  and  data  storage,  but  the  performance  data 
were  analyzed  off-line. 

The  helicopter  ln-flight  system*^  collected  data  on  aircraft  measures  similar  to 
those  collected  rrom  the  simulator.  However,  rather  than  transmitting  these  data 
directly  to  the  VAX  computer,  the  data  were  stored  on  magnetic  tape  during  flights  and 
later  transferred  and  prepared  for  analyses.  Sixty-four  channels  were  available,  but 
only  a  subset  was  used  for  this  study.  Again,  a  maximum  rate  or  20  samples  per  second  in 
any  given  channel  was  employed.  This  wa.  accomplished  with  a  hel lcopter-Mounted  system 
consisting  of  a  computer  unit,  signal  conditioner,  and  tape-terminal  unit.  The  system 
was  powered  either  directly  from  the  helicopter's  28  volt  supply,  through  DC/AC 
converters,  or  through  a  115-volt  power  inverter  (depending  upon  the  component). 

Flight  performance  data  collected  from  both  the  simulator  and  the  helicopter  were 
analyzed  with  the  same  type  of  scoring  routines.  These  routines  calculated  root  mean 
square  (RMS)  errors  for  each  measured  parameter  (airspeed,  altitude,  etc.)  during  eAoh 
maneuver  (delimited  by  a  marked  starting  and  ending  point).  The  RMS  errors  depicted  the 
Standard  deviation  of  a  subject's  performance  around  some  ideal  standard,  For  instance, 
If  a  subject  consistently  flew  at  991  feet  when  he  was  supposed  to  riy  at  1O00  feet,  this 
resulted  in  an  RMS  error  of  9  feet, 

Procedure .  In  both  the  simulator  and  in-flight  phases  of  this  research,  each 
subject  was  exposed  to  three  doee  conditions  (placebo,  2  mg,  and  t  mg  atropine  sulrate) 
on  different  days,  Subjeats  did  not  know  which  drug  dose  they  were  receiving.  The  drug 
or  placebo  was  given  via  injection  Into  the  thigh  muscle  Immediately  preceding  the 
morning  flight.  Each  subject  flew  two  flights  on  each  dosage  administration  day,  with 
the  first  flight  occurring  Immediately  after  injection  and  the  second  flight  occurring 
about  5-6  hours  later.  Each  flight  lasted  approximately  2  hours,  during  which  subjects 
flew  a  variety  of  maneuvers.  Each  day  on  which  an  active  drug  was  given  was  followed  by 
a  control  day  to  provide  24  hours  for  the  la3t  dose  to  clear  the  body  before  the  next 
dose  was  given. 

The  flight  profile  In  the  simulator  study  consisted  of  several  components  or  a 
standard  Inatrument  flight  which  included  an  Instrument  takeoff,  navigation  and  flight 
to  a  destination  airport  (which  contained  a  stralght-and-level  segment),  holding  at  the 
Instrument  landing  system  (IDS)  outer  marker,  and  an  ILS  approach.  The  Instrument 
takeoff  and  holding  at  the  ILS  outer  marker  were  not  scored  by  computer,  but  they  were 
graded  by  a  safety  pilot.  At  one  point  during  the  profile,  subjects  were  required  to 
complete  a  variety  of  precision  maneuvers  In  which  specific  headings,  altitudes,  and 
airspeeds  were  maintained  Tor  designated  periods  of  time.  Additionally,  subjects  were 
required  to  perform  a  180-degree  standard-rate  climbing  turn  and  a  180-degree  standard- 
rate  descending  turn. 

The  ln-flight  profile  consisted  or  a  series  of  upper-air  maneuvers  which  included 
two  standard-rate  flat  turns,  five  stralght-and-level  segments,  two  steep  turns,  a  360- 
degree  descending  right  turn  and  a  360-degree  climbing  left  turn,  a  straight  climb,  and 
a  straight  descent.  This  section  of  the  profile  was  followed  by  confined  area 
operations,  low-level  and  nap-or-the-earth  (NOE)  navigation,  and  a  vertical  helicopter 
Inatrument  flight  rule  (IFR)  recovery  procedure--these  last  four  maneuvers  were  scored 
only  by  a  saTety  pilot  and  not  by  computer.  The  prorile  terminated  with  a  final 
Instrument  stralght-and-level  and  an  ILS  approach  Into  an  Army  airfield. 

Results 
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Data  were  analyzed  with  P.MDpiiV  statistical  software  ,  repeated  measures  analysis  or 
variance.  The  factors  were  dose  (placebo,  2  mg,  A  mg),  flight  (a.m./p.m.) ,  and  sometimes 
maneuver  (where  similar  maneuvers  were  analyzed  together).  Missing  data  from  one  flight 
or  one  subject  during  the  In-rllght  study,  resulting  from  a  flight  termination  because  or 
excessive  heart  rate,  were  estimated  with  BMDPAM  (Dixon  et  al.,  1983)  using  the  cell 
means  of  existing  data,  Missing  data  because  of  ILS  glide  slope  malfunction  on  three 
flights  (also  during  the  ln-fllght  Btudy)  were  estimated  with  the  same  procedure. 


Although  a  large  number  of  significant  afreets  were  obtained  from  both  studies,  this 
paper  presents  only  the  significant  dose  mein  effects  and  dose  by  maneuver  interactions 
when  considering  the  two  studies  separately,  When  both  data  aets  are  combined,  all 
significant  effects  are  reported. 

To  address  issues  regarding  the  sensitivity  of  computerised  assessments  of  pilot 
performance,  the  simulator  and  ln-f light  data  were  analyzed  separately.  For  this  level 
or  analysis,  the  RMS  errors  from  the  simulator  study  were  corrected  for  practice  efreets 
and  subjected  to  log-natural  transformations  prior  to  analysis.  The  RMS  errors  from  the 
ln-fllght  study  were  only  log-natural  transformed  since  practice  effeotB  had  been 
minimized  at  the  outset  of  this  study  by  Implementing  training  sessions  on  the  flight 
prortle  prior  to  the  first  dose  administration. 

To  address  Issues  regarding  the  comparabll  lty  (and  consistency)  of  simulator  and  in¬ 
flight  assessments,  the  simulator  and  In- flight  data  were  analyzed  In  combination.  For 
this  level  of  analysts,  It  was  necessary  to  standardize  the  data  from  each  set  before 
they  were  combined  and  analyzed.  Thus,  each  data  sot  was  Independently  subjected  to  a 
z-score  transformation  which  resulted  in  comparable  measurement  units  between  the  two. 

Simulator  Performance 

Descending  and  climbing  turn.  There  were  no  main  effects  of  atropine  on  any  pilot 
performa'nce  measures  for  the  d~escending  turn;  however,  the  climbing  turn  showed  an  effect 
on  vertical  Speed  accuracy  ( PC 2, 22) . 49,  p“0.O23?),  Here,  performance  was  poorer  under 
4  mg  atropine  than  under  either  2  mg  or  placebo  (p<,05). 

Straight  and  level.  The  straight  and  level  segment  was  affected  by  atropine  on  a 
number  of  measures.  There  were  dose  effects  on  control  of  heading  ( P(  1 . 28 , 1 4  .  1  3 )  *7  .  **  7  , 
p  =  0 , 0  177 ) ,  altitude  ( F< 2 , 22 ) =  0 . 1 7 ,  p-0. 00221,  airspeed  ( P{ 2 , 22 ) *  1  3 . 30 ,  p  =  0. 00021,  and 
vertical  speed  ( F( 2 , 22 ) = 10 .60 ,  p=0.0006).  Heading  and  vertical  speed  errors  were  greater 
under  4  mg  and  2  mg  than  under  placebo,  while  the  altitude  and  airspeed  errors  were 
significantly  greater  only  under  the  4  mg  dose  (pc. 05). 

Sequential  upper-air  maneuvers.  The  series  of  maneuvers  which  required  subjects  to 
execute  changes  In  heading,  altitTiUe,  and/or  airspeed  for  a  specific  period  of  time  also 
Indicated  an  at ropl nu- induced  performance  decrement  on  heading  ( P(2, 22) *7 . 42 ,  p»0,0034). 
Heading  control  errors  were  greater  under  4  mg  than  under  either  the  2  mg  or  placeho  dose 
( p< . 05) . 

■Instrument  Landing  System  ( X  LS )  approach.  Analysis  of  performance  measures  on  the 
instrument  lancTlng  system  approach  revealed- on ly  a  marginal  atropine-related  effect  on 
runway  localizer  (centerline)  error  Cp**.054  i},  Poethoc  analysis  showed  this  effect 
resulted  from  a  higher  HMS  error  under  4  mg  atropine  as  compared  to  2  mg  (p<,05). 

In-flight  Performanc e 

Straight  and  level.  During  the  ln-fltght  investigation,  subjects  performed  several 
straight  and  level  (Si)  maneuvers.  The  Tlr3t  five  of  these  (SLs  1-5)  were  conducted 
using  visual  references,  and  the  last  one  (SL  6)  was  conducted  using  Instruments  only 
while  "under  the  hood,'1  There  were  atropine  effects  across  all  oT  these  maneuvers  on 
heading  (SL  1-5,  F( 2 , 22) «4  . 10.  p'0.0307;  and  SL  6,  P( 2 , 22 ) -4 . 59 ,  p»0.0215),  and  on  the 
last  one  (Si,  6),  there  was  also  an  errect  on  airspeed  cortrol  (F(  2,22)»6, 16 ,  p»0.0075). 
Heading  control  during  the  flr^t  five  straight  and  levels  was  substantially  reduced 
(p<.05)  under  4  mg  as  compared  to  placebo  and  marginally  reduced  (p=0,0595)  under  4  mg  as 
compared  to  2  mg.  On  the  sixth  straight  and  level,  heading  control  was  worse  under  4  mg 
than  under  either  or  the  other  doses  (p<.05).  Airspeed  -.ontrol  wa3  apparently  Improved 
under  the  2  mg  dose  in  comparison  to  placebo  and  4  mg  (p<,05), 

Standard-rate  and  steep  turns.  Examination  of  performance  during  the  two  standard- 
rate  level  turns  did  not  reveal  any  dose  main  effects  or  dose  by  maneuver  Interact U ns . 
Also,  performance  on  the  two  steep  turns  was  unaffected. 

3tralght  climb  and  descent.  Analysis  or  the  straight  climb  and  the  straight  descent 
indicated  atrop ine  effects  on  both  heading  control  ( P( 2 , 22 ) =6 . 64 ,  p»0.0056)  and  roll 
control  ( Ft 2 , 22 ) «3 . 54 ,  p”0.0464).  Subsequent  contrasts  showed  both  of  these  measures 
suffered  from  Increased  error  under  the  4  mg  condition  as  compared  to  placeho  (p<.05). 

Climbing  and  descending  turn.  The  climbing  and  descending  turns,  analyzed  together, 
also  revealed  atropine  effects.  "Specifically,  there  was  a  dose  main  errect  on  the 
airspeed  control  measure  (F( 2,22 )«3 .61 ,  p=0.0441)  which  at  first  suggested  airspeed 
errors  were  Increased  by  atropine  during  both  of  these  maneuvers.  However,  there  was 
also  an  Interaction  between  dose  and  maneuver  (F(2,22)=5,98,  p*0,0085)  which  subsequent 
analyses  or  simple  errects  Indicated  to  be  because  of  a  dose  errect  during  only  the 
climbing  turn  ( F( 2, 22)=9 . 10,  p*0.0013).  Further  examination  of  atropine  effects  during 
Just  the  climbing  turn  showed  that  airspeed  errors  were  greater  under  4  mg  than  under 
either  2  mg  or  placebo  (p<.05). 

Instrument  Landing  System  approach.  Performance  with  regard  to  airspeed  control 
during  the  Instrument  landing  system  approach  also  was  afTectcd  by  atroj  Ine 
(F(2,22)“4.09,  p*0,0308).  In  this  case,  the  4  mg  dose  contributed  to  greater  control 
error  than  did  the  placebo  dose  (p<,05)  as  was  found  In  several  other  maneuvers. 
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Combined  Simulator  and  In-flight  Performance 

To  establish  the  comparability  of  performance  evaluations  made  in  the  (Simulator  and 
in  the  helicopter  (and  the  consistency  across  time),  maneuvers  which  were  common  to  both 
studies  were  extracted  for  additional  analyses.  Also,  only  the  Identical  measures  (t.e., 
airspeed,  heading,  altitude,  etc,)  from  both  data  aets  were  used  since  any  other  approach 
would  have  yielded  an  Incomplete  design  structure.  The  maneuvere  and  measures  analysed 
are  preaented  in  Table  1  (along  with  the  average  elapsed  time  from  dose  for  each), 

After  diaelmilar  maneuvers  were  discarded,  both  sets  of  transformed  RMS  errors  were 
standardised  by  applying  2-acore  transformations  to  all  measures  from  each  maneuver 
(treating  each  night  as  a  separate  case)  in  the  two  data  files  separately.  Following 
the  transformations,  the  two  data  files  were  merged  for  repeated  measures  analysts  of 
variance, 

The  maneuvers  selected  for  analysis  consisted  of  1)  instrument  straight  and  level, 

2)  climbing  turn,  3'  descending  turn,  and  4)  TLS.  Uarh  maneuver  was  analysed  In  a 
separate  analysis  of  variance  with  a  single  grouping  factor  (simulator  vs.  aircraft)  and 
two  repeated  measures  factors  (dose  and  flight).  The  primary  reason  for  conducting  these 
analyses  was  to  determine  whether  simulator  performance  was  affected  the  same  way  by 
atropine  as  was  ln-fllght  (or  aircraft)  performance,  because  this  would  offer  Insight 
Into  the  comparability  of  pilot  performance  In  the  two  devices  (slmulator/alrcraft)  and 
the  comparability  of  computerised  measurement  systems  used  In  both.  Therefore,  the 
existence  of  device  (slmulator/hellcopter)  by  dose  Interactions  deserves  the  most 
attention  of  any  of  the  observed  effects. 

Straight  and  ! « vel .  The  analysis  where  the  Instrument  straight  and  level  In  the 
simulator  was  co'mpa're^rto  the  Instrument  straight  and  level  in  the  aircraft  revealed  dose 
main  effects  on  control  of  heading  ( F( 2 , h  4 )  =  1 0. 3 4  ,  p  =  0.0001),  altitude  ( F( 2 , 4  U ) -8. 20, 
p-=0.0Q09),  airspeed  ( F( 2 , 4a )  =  16 . 03 ,  p»0.0000),  and  vertical  speed  (P(2,44)»l  l, 17, 
p“0.0001).  These  were  due  to  mors  control  errors  under  4  mg  than  under  both  2  mg  and 
placebo  (p<,05).  However,  there  was  not  a  difference  between  the  2  mg  and  placebo 
conditions  (Figure  1). 

There  were  also  a  nouple  of  device  (slmulator/hellcopter)  by  dose  Interactions,  one 
of  which  was  found  on  airspeed  control  (F(2,44)«4.75,  p*0.0136),  and  the  other  of  which 
was  found  on  vertical  speed  control  (F( 2 , 44 } “5 . 52 ,  p*0.0073).  Analyses  of  simple  effects 
revealed  the  alrapecn  control  effect  was  somewhat  complex  since  there  was  a  dose  effect 
In  both  tue  simulator  ( F( 2 , 44 )  =  15 . 94 ,  p'0.0000)  and  the  helicopter  ( F(  2, 44 )  =  4 .84  , 
p»0.0l26) .  However,  the  dose  effect  In  the  simulator  was  the  larger  of  the  two.  In  the 
simulator,  the  effect  was  attributed  to  greater  airspeed  control  errors  under  4  mg  than 
under  both  2  mg  and  placebo  (p<.05).  Tn  the  aircraft,  the  dose  effect  was  due  to  greater 
errors  under  4  mg  than  under  2  mg  (p<,05).  This  Interaction  Is  depleted  in  Figure  2. 

Analyses  of  simple  effects  on  the  vertical  speed  Interaction  showed  there  was  also  a 
dose  effect  In  the  simulator  ( K( 2 , 44 ) » 1 5 . 38 >  p°0.0000),  but  a  similar  effect  was  absent 
In  the  aircraft  (see  Figure  3).  Contrasts  revealed  the  dose  efrect  In  the  simulator  was 
due  to  higher  errors  under  4  mg  and  under  2  mg  than  was  the  case  under  placebo. 

In  addition  to  these  dose-related  effects,  several  differences  were  attributable  to 
whether  the  night-  took  place  In  the  morning  or  afternoon  on  altitude  (F(  1 , 22)  *  1 J .  0 1 , 
p«0.0045),  airspeed  ( F(  1 , 22) =27  - 1 3 ,  p'0,0000),  and  vertical  speed  control  (PC  1,22)«42.53, 
p*0.0000),  Also,  there  was  a  device  by  flight  interaction  on  these  same  measures  with 
the  addition  oT  heading  (altitude;  F(  1 ,22)=14 .93 >  p»0.0008;  airspeed:  F( 1 , 22)»30.86, 
p=0.0000;  vertical  speed:  P( 1 , 72) -30 . 5V ,  p»0.0000,  and  heading:  F(  1 ,22 ) -8 , 54 , 
p«0.0079).  Overa'l,  performance  on  altitude,  airspeed,  and  vertical  speed  seemed  best  in 
the  afternoon. 

When  the  devices  (simulator  or  aircraft)  were  examined  In  Isolation,  It  could  be 
seen  the  amount  or  change  from  one  flight  to  the  other  was  greater  In  the  aircraft  than 
In  the  simulator  on  every  measure  except  heading  as  can  be  seen  In  Figures  4,  5,  6,  and 
7.  Lastly,  for  the  straight  and  level  data,  there  was  a  significant  3-way  Interaction 
(device  by  dose  by  flight)  on  altitude  control  (P(2,49)*3,21 ,  pa0,0502),  This  effect  was 
apparently  due  to  an  Interaction  tn  the  aircraft  data  between  dose  and  flight.  However, 
the  effect  was  only  marginal  (p*0,Col9),  so  1 t  was  not  pursued  further. 

Climbing  turn.  Analysis  of  airspeed  and  vertical  speed  control  during  the  climbing 
turns" in  the  simulator  and  In  the  aircraft  showed  relatively  Tew  effects.  On  the 
airspeed  control  measure,  there  was  only  one  significant  effect,  and  this  was  an 
Interaction  between  device  and  dose  (Fl 2 , 44 ) «3 . 7 0 ,  pa0,0326).  Analyses  of  simple  effects 
tndlcated  the  effect  was  because  of  differences  among  the  dose  conditions  In  the  aircraft 
(P(2,4U)«6.04f  p=0.0054)  which  were  absent  In  the  simulate-  (see  Figure  8),  Subsequent 
contrasts  pinpointed  the  nature  of  this  effect  as  reductions  in  helicopter  control 
accuracy  under  4  mg  as  compared  to  both  2  mg  (p*,0526;  and  placebo  (p«.0538).  That  this 
same  effect  was  not  present  In  the  simulator  may  have  been  parr.lally  because  only  a  half 
turn  was  requires  In  the  simulator  rather  than  the  Tull  turn  used  In  the  helicopter. 

Examination  of  the  vertical  speed  measure  detected  no  similar  device  (simulator 
versus  helicopter)  by  dose  Interaction;  however,  there  was  a  Jose  main  effect 
t F(2,44)«8,78,  pa0 . 0006 )  and  a  device  by  night  Interaction  (P(  1,22)«6.66,  p=0.017l). 

The  overall  dose  effect  wa3  due  to  significant  decreases  In  control  accuracy  under  4  mg 
as  compared  to  both  the  ?  mg  and  placebo  doses  (p<.05).  This  may  bs  seen  In  Figure  9. 


The  device  by  Flight  Interaction  (Figure  10)  wee  duo  to  a  substantial  Improvement  In 
vertloal  speed  control  In  the  aircraft  during  the  afternoon  a#  compared  to  the  morning 
(p<.05)*  This  same  effect  was  not  present  in  the  simulator  data. 

Deocendlng  turn.  Analysis  of  airspeed  and  vertical  speed  during  the  descending  turn 
Indicated  there  were  no  dose-related  effects  on  this  maneuver  In  the  simulator  or  the 
helicopter!  However,  theie  was  an  overall  flight  (morntng  versus  afternoon)  main  effect 
on  airspeed  control  (PCI  t22)«5.46(  p»0.0290).  and  there  was  a  device  hy  flight 
Interaction  on  both  airspeed  1 ,22)»7 .75,  p*0.0108)  and  vertical  sipned  measured 
(F(l,22)"9,27,  p»0,0059).  The  main  effect  Indicated  better  overall  control  In  the 
afternoon  than  In  the  morning.  However,  tne  Interactions  were  due  to  better  control  In 
the  afternoon  than  In  the  morning  during  only  the  In-flight  study  (p<.05),  as  can  be  seen 
In  Figures  11  and  12,  There  were  no  morning  versus  af'ernoon  effects  In  the  simulator, 

Instrument  landing  system.  To  examine  performance  on  the  IL.9,  men:. urea  of  airspeed, 
localizer  tracking,  and  glide  slope  tracking  wore  analyzed.  Dose  main  effects  were  found 
on  both  airspeed  (Bl(2,ti9)”9,21,  p*0.0212)  and  loaalizer  (  ?(2, 99  )  »3 .68,  p*0,0339),  These 
were  attributed  to  poorer  control  under  9  mg  than  under  either  2  mg  or  placebo  (p<.05 
except  for  the  9  mg  to  placebo  comparison  on  loca1  Izer  where  p».0603).  These  efrects  are 
depicted  In  Figure  13. 

In  addlt'on  to  the  dosa-related  effects,  there  were  also  flight  main  effects  on 
alropeed  ( P( 1 , 22) *15 .8 1 ,  p*0.00Q6)  and  glide  slope  errors  (F( 1 ,22)«5.78,  p'0.0251),  and  a 
device  by  flight  Interaction  on  glide  slope  errors  ( P( 1 , 22 ) *7 . 96 ,  p*0.0122),  The  flight 
main  effects  Indicated  better  overall  performance  in  the  afternoon  than  in  the  morning. 
The  interaction  on  glide  9  .ope  control  waa  due  to  the  same  type  of  night  effect  which 
was  large  enough  only  under  the  ln-fllght  conditions  to  attain  significance  (p<,05). 

There  was  no  difference  between  the  two  flights  in  the  simulator  data.  This  Interaction 
is  depicted  In  Figure  19. 

Discussion 

The  overall  picture  presented  by  the  analyses  of  flight  performance  data  from  the 
simulator  and  ln-fllght  atropine  studies  suggests  1)  high  sensitivity  of  computerized 
assessments,  2)  basic  comparability  between  assessments  made  In  the  two  Might  platforms, 
and  3)  consistency  of  these  assessments  across  time.  Of  the  11  measures  (from  9 
maneuvers)  examined,  there  were  7  doae  main  effects  and  only  3  device  (simulator  vs. 
helicopter)  by  dose  interactions.  These  findings  suggest  performance  in  both  simulator 
and  alrcraTt,  and  the  measurement  schemes  used  to  assess  this  performance  were  sensitive 
to  the  effects  of  atropine.  Also,  the  level  of  sensitivity  was  largely  comparable 
between  the  simulator  and  helicopter  environments.  A  visual  examination  of  standardized 
mean  performance  across  the  variety  of  measures  used  here  depicts  strikingly  similar 
efrects  of  the  two  atropine  doses  on  flight  performance  regardless  of  whether  It  was 
observed  In  the  simulator  or  In  the  helicopter. 

Atropine  main  effects  were  significant  on  measure:!  or  heading,  altitude,  airspeed, 
a:,d  vertical  speed  control  during  the  straight  anu  level  maneuver,  Theie  were  also 
significant  atropine  effects  on  vertical  speed  control  during  the  climbing  turn,  and  on 
airspeed  control  and  localizer  tracking  during  the  instrument  landing.  In  ever”  case, 
the  9  mg  doae  produced  the  poorest  performance.  In  five  of  the  seven  cases,  there 
appeared  to  be  a  linear  decline  in  performance  as  a  function  or  dose,  but  the  difference 
between  2  mg  and  placebo  was  not  significant.  In  the  remaining  two  cases,  it  appeared 
that  performance  waa  best  under  2  mg,  but  the  difference  between  2  mg  and  pluce’-'o  was  not 
significant  here  either. 

The  Interactions  which  were  inspected  to  detect  differing  dose  effects  ns  a  function 
oi  whether  pilots  were  flying  the  simulator  or  the  alrcraTt  were  very  few  in  number. 

Only  three  of  these  uavlce  by  dose  interactions  were  significant,  Measures  of  airspeed 
and  vertical  speed  control  during  the  straight  and  level  maneuver  revealed  a  greater 
■’troplne  impact  In  the  simulat  r  than  in  the  aircraft.  Here,  there  was  an  atropine 
efTect  In  the  simulator  with  regard  to  both  of  these  measi  -es,  whereas  there  was  only  a 
difference  In  the  aircraft  on  airspeed  control. 

Visual  Inspection  of  mean  performance  revealed  a  tendency  for  nelloopter  control  to 
have  often  remained  about  the  same  under  the  plaaebo  and  2  mg  conditions  (occasionally 
there  appeared  to  be  an  improvement  under  2  mg),  while  simulator  control  generally  seemed 
to  be  reduced  by  the  2  mg  dose  relative  to  placebo,  This  made  It  appear  that  simulator 
control  often  was  better  than  aircraft  control  under  placebo,  whereas  simulator  control 
often  appealed  worse  than  aircraft  control  under  both  2  mg  and  9  mg.  This  picture  of 
atropine  effects  was  observed  on  almost  every  measure  during  the  straight  and  level 
maneuver!  however,  the  differences  were  not  significant. 

The  device  (simulator  vs.  helicopter)  by  dose  interaction  found  on  airspeed  control 
during  the  ollmblng  turn  was  different  from  what  was  seen  in  the  straight  and  level. 
Atropine  apparently  exerted  no  Influence  over  airspeed  control  In  the  simulator,  whereas 
significant  decrements  due  to  9  mg  was  seen  In  the  aircraft.  It  la  possible  this 
dirferenoe  was  due  to  the  use  of  a  180-degree  turn  In  the  simulator  as  opposed  to  the 
Sfi^-degree  turn  In  the  helicopter. 

Taken  together,  these  findings  support  tne  suggestion  that  atropine  effects  were 
comparably  assessed  In  the  simulator  and  the  aircraft.  Two  of  the  three  significant 
lnteractlona  between  device  and  dose  Indicated  similar  stroplne  effects  In  both. 


However,  a  visual  inspection  of  some  of  the  data  suggests  t^ere  may  have  teen  leas  of  a 
difference  between  placebo  and  ?  rag  In  the  aircraft  than  It;  the  simulator.  Such  a 
difference  (often  not  elgnlrioant  in  this  study)  may  have  been  because  it  was  easier  to 
precisely  fly  the  simulator  than  the  aircraft  under  placebo  elnoe  factors  like  air 
turbulence  were  not  present  in  the  simulator  atudy.  Suoh  differences  probably  were  not 
attributable  to  unreliable  performance  meaaurement. 

One  other  aet  of  findings  which  deserves  notice  relates  to  the  comparability  of 
simulator  and  aircraft  with  regard  to  tlma-of-day  effects.  Here,  It  v  a  observed  there 
were  device  by  flight  Interactions  on  8  of  the  11  measures.  Control  accuracy  on  hearting, 
alt'tud'-,  airspeed,  and  Vertical  speed  during  straight  and  level  t  vertical  speed  during 
the  climbing  turn;  airspeed  and  vertical  speed  during  the  descending  turn;  and  glide 
slope  tracking  during  the  instrument  landing  were  all  affected  differently  by  time  of  day 
in  the  aircraft  as  opposed  to  the  simulator.  In  every  case  except  one,  there  was 
eignlf icantly  better  performance  in  the  afternoon  than  in  the  morning  in  the  aircraft, 
but  not  in  the  simulator.  The  single  opposite  effect  Involved  heading  control  during 
straight  and  level  where  there  Was  a  flight  difference  (morning  bettor  than  afternoon) 
in  only  the  simulator.  Reasons  for  this  single  divergent  efTect  still  remain  unclear. 

Since  these  device  (almulator/hel lcopter)  by  flight  (a.m./p.m,)  interact  Iona  were 
independent  of  any  dose  effects,  some  other  factor  la  responsible  for  the  observed 
differences.  One  plausible  explanation  centers  around  subjects'  apprehensions  concerning 
the  possible  dose  effects.  Each  subject  received  an  Injection  prior  to  each  morning 
flight,  and  he  was  not  told  which  dose  would  be  administered.  Thus,  he  a  imply  I  egan  the 
flight  and  waited  for  whatever  drug  effects  were  anticipated.  Once  c' e  dros  effects 
became  evident,  he  no  doubt  wc  ldored  how  extensive  tlv  ;e  effects  would  he  before  they 
leveled  off.  It.  Is  reasonable  to  speculate  there  was  a  great  deal  of  anxiety  during  the 
morning  flight.  However,  by  the  time  of  the  afternoon  flight,  the  subjects  not  only  were 
aware  of  whether  they  had  received  an  active  or  placebo  d'se,  they  were  also  aware  or  how 
extensive  the  drug  effects  would  be  and  how  mu-h  of  a  perrorincn'.e  prohlem  tie  drug  would 
create.  No  doubt,  by  the  time  of  the  artarnoon  flight,  most  subjects  were  convinced  they 
could  perform  the  required  tasks  even  under  the  influence  or  atropine.  Thus,  they  were 
able  to  concentrate  more  on  controlling  the  aircraft  without  being  distracted  hy  worrying 
ahout  the  potential  impending  effects  of  atropine. 

The  fact  that  this  significant  Improvement  from  morning  ho  afternoon  waa  usually 
seen  in  the  aircraft  and  not  the  slrau1ator  probably  stems  rrom  the  subjects'  having  more 
reason  to  worry  about  drug  effects  in  the  air.  Crashing  a  simulator  la  really 
inconsequential  tn  comparison  to  crashing  an  e 1  reran: ,  Thus,  this  difference  In  nights 
between  the  two  devices  (simulator  vs.  aircraft)  probably  reflects  the  subjects' 
realistic  awareness  of  the  consequences  of  ft  serious  performance  decrement  In  the 
different  situations. 

This  awareness  i  Iso  may  explain  at  least  par1-  of  a  couple  of  device  ty  dose 
interactions  discussed  earlier.  During  the  straight  and  level  mancuv'"  Ir  the 
helicopter,  there  was  no  reduction  In  performance  between  the  placebo  ami  ?.  mg  doses 
whereas  the  t|  mg  dose,  at  least  In  one  case,  produced  a  significant  rteciement.  Via-mi 
inspection  of  the  means  suggested  the  2  mg  dr.ae  was  sometimes  associate)  with  performance 
which  appeared  better  than  performance  under  placebo  (In  the  helicopter),  However, 
during  this  same  maneuver  in  the  simulator,  a  different  relationship  was  seen.  H’rp, 
there  wa3  a  fairly  linear  decrease  In  performance  as  a  function  of  dos-  particularly  with 
regard  to  vertical  speed  control.  Perhaps  the  subjects  Tlylng  the  aircraft  worked  hard 
to  combat  the  performance  degrading  effects  of  atropine,  nr.d  this  work  paid  off  under  the 
smaller  doae.  Conversely,  since  the  subjects  flying  the  simulator  were  not  In  a 
potentially  life-threatening  situation,  they  did  not  feel  the  need  to  exert  this  extra 
energy  to  guard  against  slight  performance  decrements,  no  their  performance  under  the 
smaller  dose  appeared  degraded.  Of  course,  once  the  larger  dose  of  atropine  was 
administered,  it  did  not  appear  to  matter  which  device  the  subjects  were  Hying.  The 
mg  dose  was  usually  powerful  enough  to  produce  a  reliable  worsening  of  performance  in 
both  situations. 

tn  summary,  the  Important  findings  are  that  both  simulate,  and  helicopter 
computerized  measurement  systems  are  corslstently  sensitive  to  the  effects  of  atropine, 
and  any  differences  between  simulator  and  helicopter  results  can  be  explained  on  the 
baalo  or  actual  differences  in  pilots'  performance  rather  than  Instability  of  the 
performance  measurement  schemes.  Whether  In  the  simulator  or  In  the  helicopter,  the 
computerized  monitoring  systems  generally  provided  reliable  assessments  of  atropine 
effects.  Also,  It  should  be  noted  that  the  simulator  and  In-flight  studies  worn 
conducted  about  2  years  apart,  and  the  consistent  results  substantiate  the  dependability 
of  accurate  computerized  assessments  over  time. 

ConcluS ions 

Analysis  and  comparison  of  the  results  from  similar  portions  or  a  simulator  atropine 
atudy  and  an  In-flight  atropine  study  were  conducted  to  determine  the  sensitivity  of 
computerized  assessments  of  pilot  performance  and  the  comparability  of  assessments  made 
tn  a  simulator  and  in  an  actual  helicopter.  Generally,  It.  was  found  that,  both  flight 
platforms  and  their  associated  performance  measurement  systems  were  sensitive  to  atropine 
effects  and  this  sensitivity  wqh  consistent  aerosB  time.  There  were  a  Tew  Instances 
where  the  impact  of  atropine  was  significantly  different  depending  on  whether  it  was 
observed  In  the  simulator  or  In  the  aircraft;  however,  in  most  instances  performance  as  a 
function  of  atropine  in  the  two  devices  (simulato, ’/aircraft)  did  not  differ.  In 
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addition,  a  couple  of  the  observed  t Imulator/helleopter  dlf ferenees  probably  resulted 
from  a  combination  of  environment  am.  motivation  rather  than  from  a  lack  or  measurement 
reliability.  Speolf lcally,  in  the  simulator  there  was  no  air  turbulence  and  there  was  no 
threat  of  actual  loss  of  life,  The  first  factor  may  explain  the  tendency  toward  better 
simulator  than  aircraft  performance  under  placebo,  while  the  eecond  factor  may  explatn 
the  absence  of  a  performance  decrement  between  the  placebo  and  2  mg  conditions  In  the 
aircraft.  Alno,  the  simulator  and  its  associated  measurement  system  probably  did  not 
offer  the  fidelity  found  with  the  helicopter.  However,  It  should  be  reiterated,  there 
were  most  frequently  no  differences  between  the  atropine  effects  as  a  function  of  which 
device  (simulator/helloopter)  the  pilots  were  flying. 

Theae  results  lead  us  to  conclude  that  the  computerized  measurement  scheme,  which 
was  analogous  in  the  simulator  and  in  the  helicopter,  provided  a  dependable  way  In  which 
to  measure  pilot  performance,  tt  la  concluded  that  computerized  measurement  or  pilot 
performance  Is:  11  sensitive  to  potentially  dangerous  flight  control  degradations, 

25  comparable  from  one  type  of  flight  platform  to  another,  and  3)  oonalntont  across  time. 
These  findings  clearly  support  the  continued  use  and  refinement  or  computerized  pilot 
performance  evaluation  systems  In  research.  Additionally,  the  depuyment  of  similar 
systems  In  the  operational  environment  seems  both  feasible  and  useful.  At  present,  newer 
portable  computerized  systems  are  being  evaluated  for  this  type  of  research  and 
operational. use , 
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Table  1 

Maneuvers  and  measures  used  In  the  combined  data  set 


Maneuver 

Measures 

Time  frott 
Simulator 

i  dose 
Aircraft 

Climbing  turn 

AS,  VS 

00  j  37 

00:52  Ca.m.) 

05:21 

06:16  (p.m,) 

Deoeendlng  turn 

AS,  VS 

00:39 

00:45  (a.m.) 

05:23 

06:10  (p.m.) 

Straight  and  level 

AS,  VS,  HDO,  ALT 

01:10 

01:52  (a.m.) 

05:5“ 

07:11  (p.m.) 

ILS  approaoh 

AS,  LOC,  OS 

01:41 

02:03  (a.m.) 

06:24 

07:26  (p.m.) 

£  £ 


titt  of  My 


Mm  of  My 
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EEO  Indicators  of  Mental  Workload  :  Conceptual  and  Practical 
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SUMMARY 

A  first  objective  in  the  development  of  a  pilot  state 
monitor  is  the  development  of  a  laboratory  tool  capable 
of  measuring  mental  workload,  several  general  performance 
'benchmarks'  are  identified  that  facilitate  the  evaluation 
of  such  techniques  and  a  recent  programme  of  research  is 
described  and  assessed  in  the  light  of  these  criteria. 


1 .  INTRODUCTION 

The  mental  workload  of  the  military  aircraft  pilot  has  increased  as  aircraft  have 
become  more  complex  and  as  flight  and  operational  envelopes  have  expanded.  This 
phenomenon  has  been  exacerbated  by  the  increasing  emphasis  on  monitoring  and  decision¬ 
making  within  the  pilot's  range  of  duties.  The  move  towards  single  crew  multi-role 
militaiy  aircraft  with  enhanced  sensor  and  communications  capabilities  will  Increase 
the  likelihood  that  the  pilot  will  become  overloaded  with  information  and  unable  to 
perform  critical  decision-making  tasks  whilst  managing  the  aircraft  systems. 

Over  the  past  ten  years  several  psychophysiological  measures  have  been  investi¬ 
gated  in  the  search  for  an  objective  tool  that  will  help  predict  or  detect  performance 
degradations  due  to  cognitive  overload.  A  longer  term  aim  and  the  goal  of  many  such 
programmes  is  to  achieve  a  real  time,  online  mental  workload  assessment  capability.  In 
due  course,  this  may  open  the  way  for  features  such  aa  dynamic  'reallocation  of 
function'  and  'pilot  state-monitoring'  to  be  integrated  within  a  'pilot  safety  network' 
in  the  cockpit. 

Much  work  has  specifically  investigated  the  relationship  between  the  electrical 
activity  of  the  cerebral  cortex  and  human  information  processing  activities. 

This  paper  considers  certain  performance  standards  that  must  be  met  before 
electroencephalographic  (EEG)  measures  of  mental  workload  can  be  usefully  integrated 
within  a  ’pilot  safety  network'.  The  paper  concludes  with  on  evaluation  oi  a  recent  EEG 
research  programme  in  the  light  of  these  requirements. 


2.  THE  CONCEPT  OF  A  SAFETY  NETWORK 

In  the  late  1970 's  there  was  a  halt  and  down  turn  to  the  trend  of  installing 
increasing  numbers  of  controls  and  displays  in  the  cockpit.  Since  this  period  both  the 
physical  and  human  sciences  have  engaged  in  research  with  two  related  alms:  (i)  to 
understand  and  subsequently  enhance  the  pilot-aircraft  interface  in  the  cockpit  and 
(ii)  to  fully  exploit  the  natural  capabilities  of  the  pilot.  Developments  such  as  the 
wide  engle  collimated  head-up  display;  multifunction  'soft'  displays:  head-movement 
slaved  target  designation  systems  and  synthesised  speech  warnings  bear  witness  to  the 
effectiveness  of  applying  human  factors  techniques  to  the  integration  of  crew  systems 
support  technologies. 

Optimisation  of  the  man-machino  interface  has  become  a  requirement  for  all  crow 
systems  integration  and  a  philosophy  that  will  endure  while  the  pilot  remains 
physically  stationed  in  the  aircraft  cockpit. 

Further  exploitation  of  the  pilot' b  capabilities  will  be  demonstrated  in  the 
coming  decade  by  the  introduction  of  high  technology  items  such  as  eye-point  directed 
target  designation  systems,  tolerant  direct  voice  input/output  systems,  3D  auditory 
threat  displays  and  low  technology  items  such  as  high  angle  inclined  pilot  seating 
(designed  to  increase  'O'  tolerance). 

The  next  'wave'  of  craw  systems  technology  integration  lies  furthur  in  the  future. 
This  will  allow  a  profound  shift  in  emphasis  to  take  place  within  the  conventional  man/ 
machine  relationship.  This  shift  will  enable  the  onboard  aircraft  systems  to  monitor 
the  psychological  end  physiological  state  of  the  pilot  and  to  'act'  when  toe  results  of 
these  diagnoses  exceed  normal  or  acceptable  limits.  The  function  oi  such  systems  will 
be  twofold:  (i)  to  detect  performance  degradations  arising  due  to  cognitive  factors 
such  as  mental  overload  and  extreme  spatial  disorientation  and  (ii)  to  detect  pilot 
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incapacitation  arising  from  factors  such  no  '0  Induced  boss  of  Consciousness '  (G-LOC), 
retinal  laser  damage  and  other  combat  injury  A  driving  factor  in  chin  research  is  the 
belief  that  the  pilot  is  (or  will  be)  unable  to  usefully  indicate  to  the  aircraft 
systems  his  physiological  or  psychological  state. 

It  Is  envisaged  tnat  following  detection  of  performance  degradations  or  incapaci¬ 
tation  the  aircraft  systems  will  assume  'graceful'  and  fluid  control  of  some  or  all  of 
the  pilot's  duties.  These  concepts  are  Integral  to  that  of  the  safety  network. 

It  may  be  a  little  premature  to  direct  attention  to  the  problems  of  safety  network 
integration,  especially  as  it  is  not  yst  possible  to  reliably  sense,  detect  and 
diagnose  certain  physiological  and  practically  all  psychological  states. 

The  biggest  challenge  facing  the  development  of  a  safety  network  system  lies  in 
the  sensing  and  diagnosis  of  psychological  state  changes  associated  with  mental 
overload.  Physiological  and  gross  psychological  state  changes  (such  as  blackout)  may  be 
detected  through  the  use  of  existing  knowledge  and  technologies  (e.g.  electrocardio¬ 
gram,  blood  pressure  and  respiration  monitors),  but  it  is  not  yet  equally  possible  to 
reliably  identify  mental  workload  states.  Research  into  the  psychophysiological 
correlates  of  mental  workload  la  stilJ  at  a  fundamental  level  [1,2]  and  robust, 
acceptable  bio-sensor  technologies  are  under  development. 


3.  SAFfTY  NETWORK  :  PSYCHOPHYSIOLOQICAL  CRITERIA 

The  performance  and  safety  problems  that  may  affect  the  pilot  during  high  levels 
of  mental  workload  are  considered  at  length  in  the  literature  (e.g.  3].  Given  the  need 
for  a  safety  network,  a  major  research  requirement  is  to  identify  robust  psychophysio¬ 
logical  correlates  that  can  reliably  index  mental  workload  states,  particularly  those 
states  that  point  to  approaching  or  actual  performance  breakdowns. 

3 . 1  The  Requirement 

A  tool  is  needed  that  will  enable  researchers  to  identify  pilot  mental  workload 
state  in  relation  to  a  known  mental  workload  'overload'  or  'ceiling'  state. 

Several  research  programmes  have  identified  EEC  activity  as  a  promising  Indicator 
of  montal  workload  and  have  pointed  to  this  as  a  possible  basis  for  such  a  tool.  The 
type  of  activities  that  have  been  investigated  in  this  context  range  from  straight¬ 
forward  frequency  recordings  to  the  collection  of  event  related  potentials  [4,5,6]. 
Although  encouraging  results  have  been  reported,  the  research  does  not  yet  appear  to  be 

sufficiently  mature  to  support  the  integration  of  EEG  based  technology  in  the 
operational  cockpit. 

It  appears  likely  that  no  one  'type'  of  EEG  activity  will  be  able  to  provide  an 
adequate  index  of  mental  workload  but  rather  that  numerous  EEG  data  sources  will  prove 
to  ba  the  only  way  to  gain  a  comprehensive  'picture'.  Currently,  research  is  aimed  at 
validating  these  measures  In  both  the  air  and  in  the  simulator  [4,7]. 

3.2  Performance  Benchmarks 

Apart  from  the  identification  of  workload  ceilings  there  is  a  need  to  identify 
other  performance  criteria  by  which  the  effectiveness  and  usefulness  of  a  workload 
measurement  tool  can  be  Judged.  It  is  suggested  that  the  following  criteria  represent 
the  minimum  performance  requirements  of  such  a  system.  These  criteria  are  derived  from 
the  recommendations  of  several  researchers  in  the  field  [e.g.  8]. 

Sensitivity  -  The  sensitivity  of  a  tool  refers  to  its  capability  to  discriminate 
effectively  between  mental  workload  states.  For  example,  although  there  are  many  event 
related  potential  studies  that  have  found  P300  amplitude  and  latency  changes  that  are 
sensitive  to  variations  in  mental  workload  demand  [9,7]  in  simple  tasks,  it  is  not 
clear  whether  this  potential  is  able  to  index  actual  or  approaching  overload  'ceilings' 
or  provide  meaningful  measurements  during  complex  tasks.  These  requirements  will  be 
essential  in  the  military  cockpit.  The  sensitivity  of  such  a  tool  will  ultimately 
determine  its  utility. 


Diagnosticity  -  The  diagnosticity  of  a  tool  refers  to  its  capability  to  discriminate 
between  the  types  of  workload  demand  that  contribute  to  a  given  mental  state.  Whether 
or  not  this  is  important  will  depend  upon  the  proposed  function  of  a  safety  network.  If 
a  smooth  and  'graceful'  reallocation  of  function  between  pilot  and  aircraft  is  a  goal, 
then  it  may  be  necessary  to  determine  the  nature  of  the  problem  so  that  appropriate 
functions  con  be  reallocated,  If  purely  'global'  measures  of  workload  are  required  then 
the  measures  that  are  currently  being  investigated  may  be  adequate  as  these  appoar  to 
respond  to  changes  in  mental  workload  state  as  If  it  were  a  unidimensional  phenomenon. 

Selectivity  -  The  selectivity  of  a  tool  determines  its  capability  to  respond  solely  to 
mental  workload  state  changes  and  not  to  changes  in  other  variables  such  as  fatigue  and 
emotional  stress.  For  example,  there  are  several  reports  claiming  that  EEG  frequency  is 
highly  correlated  with  task  complexity  [10],  however  frequency  is  also  associated  with 
variations  in  fatigue  and  wakefulness.  Clearly  any  tool  based  upon  frequency  must  be 
able  to  discriminate  selectively  between  frequency  changes  that  are  driven  by  task 


complexity  and  changes  that  are  driven  by  variations  In  arousal,  otherwise  it  is  of 
little  operational  value, 

implementation  Requirement*  -  Ease  of  implementing  a  safety  network  is  critical  to  its 
success ,  Bio-sensors  that  are  uncomfortable,  liable  to  either  displacement  or 
electrical  noise  interference  will  not  be  acceptable  in  the  operational  environment, 
Likewise  lengthy  preflight  instrumentation,  calibration  and  fitting  will  also  reduce 
the  likelihood  that  such  technology  will  be  accepted  within  the  cockpit- 

Reliebility  -  This  requirement  simply  underscores  the  need  for  all  the  above  criteria 
to  be  met  with  a  high  degree  of  reliability.  If  pilots  don’t  trust  safety  network 
systems  they  will  oppose  their  integration  and  turn  them  off. 


4.  EEC  RESEARCH  PROGRAMME  EVALUATION 

In  1986,  a  programme  of  collaborative  research1  was  launched  with  the  aim  of 
identifying  robust  EEG  indicators  of  mental  workload,  Particular  emphasis  was  paid  to 
cho  existence  of  slow  EEO  potential  shifts  that  appeared  to  be  in  some  way  associated 
with  variations  in  task  difficulty.  Whilst  this  programme  has  met  with  both  success  and 
setback,  progress  has  been  made  towards  the  development  of  a  tool  capable  of  indexing 
mental  state.  This  section  summarises  the  development  of  this  research  with  reference 
to  the  performance  benchmark  criteria  proposed  earlier  in  the  paper, 

4 . 1  Phase  I 

Results  of  the  Phase  I  study  indicated  that  the  slow  potential  shifts  (or  'DC' 
shifts  as  they  become  known  due  to  the  data  gathering  technique),  appeared  directly 
related  to  task  difficulty,  increases  in  tracking  task  difficulty  appeared  to  directly 
result  in  increases  in  waveform  negativity  (Figure  1).  Interestingly,  the  DC  shift 
response  to  variations  in  the  difficulty  of  a  short-term  memory  task  (a  Sternberg  task 
(14]  with  varying  positive  set  size)  differed  from  that  of  the  tracking  task  in  that 
the  greater  the  demand  the  less  negative  the  DC  shift  (Figure  2). 

As  has  been  frequently  reported  in  the  literature  [e.g.  6,9],  ERP  P300  amplitudes 
were  found  to  decrease  with  increasing  task  demands. 

Although  the  task  (simulated  missile  engagement)  was  relatively  simple  to  perform, 
it  was  more  difficult  to  analyse  and  link  specific  changes  in  task  demand  to  changes  in 
EEG  activity.  This  occurred  because  the  28  second  task  contained  several  different 

Figure  1 


Slow  Target  Tracking  Fast  Target  Tracking 


DC  Response  to  Variations  in  Tracking  Task  Difficulty  (Part-Trial  Example) 
(Fast  Targets/Slow  Targets) 


sub-tasks  including  those  of  visual  and  manual  tracking  (varying  in  speed  and 
perturbation),  decision  making  and  memorisation,  and  some  of  these  tasks  ran 
concurrently  with  other  tasks.  Interpretation  was  further  confounded  by  the  high  levels 
of  statistical  significance  found  between  EEG  activities  and  almost  all  dependent 
variables. 

Consequently,  apart  from  the  very  clear  ERP  and  DC  shift  differences  observed 
during  the  short-term  memory  task,  it  was  not  possible  to  identify  exactly  the  under¬ 
lying  cause  of  many  of  the  changes  in  the  EEO  waveform.  However  on  the  basis  of  the 
differences  observed  between  EEG  activities  and  task  condition  there  did  appear  to  be 
grounds  for  continuing  the  research  and  further  examining  the  DC  shift  phenomenon. 

Unsurprisingly,  at  this  stage  In  the  research  none  of  the  performance  benchmarks 
proposed  earlier  in  the  paper  had  been  achieved, 

1.  Undertaken  between  BAe,  Sowerby  Research  Centre  and  the 
Burden  Neurological  Institute,  Bristol, 
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4.2  Phase  If 

Phase  II  [15]  was  developed  with  the  intention  of  evaluating  (1)  the  selectivity 
and  (ii)  the  sensitivity  of  the  effects  that  had  been  observed. 

It  was  concluded  that  either  the  tracking  or  memory  elements  (or  both)  of  the 
Pnase  I  task  were  related  to  the  observed  variations  in  DC  shift.  Two  experiments  were 
designed  to  Independently  address  the  effects  of  variations  in  both  memory  and  tracking 
demand : 

(1)  The  memory  or  'cognitive1  task  were  designed  to  place  selective  demands  upon  the 
storage  and  manipulative  processes  associated  with  a  limited  capacity  working  memory 
[16].  It  was  intended  not  only  to  replicate  the  type  of  demand  observed  during  the 
memory  task  in  Phase  1  but  also  to  assess  the  sensitivity  of  the  DC  response  by 
increasing  task  demand  to  a  point  at  which  performance  would  break  down.  This  was  done 
to  determine  whether  or  not  a  calling  effect  could  be  found  in  the  EEG  DC  shift. 

(ii)  The  tracking  tesk  was  designed  to  place  several  levels  of  task  difficulty 
selectively  upon  those  motor  processes  associated  with  tracking,  it  was  intended  to 
examine  sensitivity  by  forcing  task  difficulty  to  the  point  of  breakdown. 


Figure  2  i  item  3  Items  6  Items 


13  Seconds 


DC  Response  to  Variations  in  Memory  Demand  (Part-Trial  Example) 

(Number  of  Items  Held  in  Memory) 

Surprisingly,  upon  analysis  neither  the  cognitive  nor  the  tracking  task  difficulty 
manipulations  could  be  found  statistically  related  to  changeB  in  EEG  DC  waveform, 
although  the  task  difficulty  variations  were  accompanied  by  significant  differences  in 
performance. 

Cognitive  task  ERP  P300  amplitudes  were  found  to  distinguish  between  target  and 
non-target  items  as  well  as  between  difficulty  conditions  (Figure  3).  Interestingly,  it 
was  noted  that  over  all  Phase  I  and  II  tasks  a  positive  going  DC  shift  could  be 
observed  when  task  relevant  visual  information  was  presented  at  the  start  of  each  trial 
( Figure  4 ) . 

Performance  varied  in  both  Phase  II  tasks  roughly  according  to  task  difficulty 
condition.  In  the  working  memory  task  these  variations  were  also  supported  by  P300 
amplitude  changes.  The  results  of  Phase  II  indicated  that  DC  negative  shifts  did  not 
appear  to  be  related  to  simple  increases  in  tracking  difficulty  or  in  working  memory 
demand. 

As  the  Phase  II  task  conditions  were  harder  than  in  Phase  1  it  could  be  argued 
that  the  Phase  II  task  conditions  were  outside  of  the  sensitivity  band  of  the  DC 
negative  shift. 

Thus  it  was  not  clear  whether  the  DC  negative  shifts  observed  in  Phase  1  were 
(i)  connected  with  aspects  of  the  Phase  I  task  that  were  not  present  in  Phase  II,  (ii) 
related  to  some  non  task-related  differences  between  the  Phase  1  tasks  (e.g.  emotional 
responses)  or  (ill)  entirely  artefactual. 

After  studying  the  results  of  Phase  II  in  some  detail  it  was  postulated  that  the 
'DC'  producing  element  present  in  Phase  I  but  missing  in  Phase  II  may  be  related  to 
factors  such  as:  'tas'  relevance' ,  'involvement',  'salience'  or  'engagement'.  This 
hypothesis  was  slightly  supported  by  the  observation  that  positive  going  DC  shifts  were 
consistently  observed  in  both  Phase  I  and  Phase  II  during  the  first  period  of  each 
trial  over  those  periods  when  task  relevant  information  was  presented  (Figure  4). 

At  this  point  in  the  research  none  of  the  performance  benchmark  criteria  referred 
to  earlier  had  been  met  to  any  useful  degree,  although  it  had  been  found  that  DC 
negative  shifts  did  not  respond  to  variations  in  tracking  and  memory  demand  difficulty 
when  these  tasks  were  undertaken  in  Isolation. 

4.3  Phase  III 

A  third  study  was  designed  with  the  aim  of  replicating  the  DC  shift  differences 


observed  during  the  Phase  I  study,  but  under  more  controlled  task  conditions  than  in 
Phase  1  and  with  a  store  realistic,  'engaging'  and  salient  task  than  in  Phase  11.  The 
task  was  designed  to  mirtimiue  purely  'motor'  elements  and  to  enhance  the  cognitive 
elements  associated  with  visual  monitoring  of  displayed  information  -  the  sub-task 
element  during  which  consistent  DC  negative  shift  variations  had  been  observed  in 
Phase  1  and  Phase  11.  The  task  was  also  designed  to  overcome  a  repeated  single  trial 
paradigm  so  that  a  constant,  uninterrupted  level  of  task  involvement  could  be 
maintained  over  the  whole  experimental  period. 


Figure  3 


Target 


ERP  Variations  with  (i)  Running  Memory  Task  Difficulty 
(ii)  Target  /  Non-Ta/get  Conditions 

The  task  required  the  subject  to  monitor  a  number  of  moving  gauges  that  simulated 
changes  in  a  hypothetical  system's  status  and  to  respond  when  readings  exceeded  certain 
limits.  The  experiment  manipulated  a  variable  related  to  the  perceived  likelihood  of 
the  system  exceeding  these  limits,  the  psychological  corollary  of  which  may  be  a 
variation  in  attentlonal  demand,  but  not  necessarily  in  task  difficulty. 

Figure  4 


Cz 


J 


Apparent  DC  Shift  Response  during  Presentation 
of  Task  Relevant  Visual  Information 


Results  of  the  experiment  [17]  were  encouraging.  DC  negative  shifts  varied 
significantly  according  to  most  manipulations  in  task  variables,  apparently  indexing 
task  related  differences  (Figure  5),  Three  out  of  the  four  levels  of  task  demand  were 
significantly  dissociated  demonstrating  that  DC  shifts  are  not  simply  two-state 
(on/off)  indicators  of  variations  in  attentlonal  demand  but  that  they  also  appear  to 
hold  some  level  of  sensitivity  to  incremental  variations  in  attentlonal  demand. 
Phase  111  results  indicate  that  the  selectivity  of  the  DC  negative  shift  may  be  quite 
high.  Although  speculative,  the  diagnosticity  of  the  tool  does  appear  to  bo  less 
related  to  an  'information  processing'  view  of  workload  than  to  a  nebulous  collection 
of  psychological  variables  including  those  of  task  salience,  task  involvement  and  an 
integration  of  the  factors  of  controlled  processing  [18]  and  focused  visual  attention. 
The  lack  of  DC  shift  difference  observed  between  the  two  most  demanding  levels  may  be  a 
preliminary  indication  of  a  low  ceiling  of  sensitivity  (see  Figure  5). 
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4 . 4  PhftSfl  XV 

Phase  IV  was  designed  to  further  address  the  issue  of  sensitivity,  A  similar 
paradigm  to  that  employed  at  Phase  III  was  developed  but  with  a  greater  emphasis  pieced 
upon  overloading  the  Subject.  This  was  done  to  force  a  breakdown  in  performance  so  that 
concurrent  DC  shift  activity  could  be  observed. 

Although  this  experimental  work  is  still  ongoing,  interim  analysis  of  results 
indicates  that  there  ie  a  clear  DC  shift  dissociation  between  task  variations.  However, 
it  has  not  yet  been  possible  to  evaluate  the  DC  shift  correlates  of  performance 


Figure  S 


Highest  Demand 


17  seconds 


DC  Shift  Response  during  Variations  in 
Focused  Attendorul  Demand 

breakdown  ee  acme  subjects  have  coped  with  the  highest  difficulty  levels  whilst  others 
have  not.  It  ie  Important  that  theae  groups  ere  analysed  separately  and  as  yet  too  few 
subjects  have  been  run  to  make  this  worthwhile. 


5.  CONCLUSION 

To  data  the  research  programme  has  progressed  steadily  towards  the  goals  inherent 
in  the  performance  benchmark  criteria.  Perhaps  oddly,  the  programme  has  identified  task 
conditions  that  appear  to  be  reliably  associated  with  variations  in  the  slow  potential 
termed  the  DC  negative  shift  whilst  the  underlying  task-related  cause  of  these 
variations  Is  still  obscure.  However,  it  does  appear  that  the  observed  variations  may 
be  quantitatively  related  to  several  factors  including  that  of  focused  visual 
attention, 

it  would  appear  that  as  with  other  potential  EEG  measurement  tools,  DC  negative 
shifts  may  eventually  provide  a  unique  perspective  upon  the  mental  workload  problem, 
rather  than  a  comprehensive  view. 

Before  this  potential  measurement  tool  can  be  employed  in  the  laboratory  or 
deployed  within  an  operational  safety  network  it  must  be  established  that  (i)  the 
task-related  'cause'  of  variations  in  DC  shift  response  are  selectively  and 
diagnostically  linked  to  attentional  processes  and  ( ii )  that  the  sensitivity  response 
of  the  DC  shift  is  sufficiently  broad  to  encompass  performance  breakdown  without 
hitting  a  response  ceiling. 

It  is  proposed  that  similar  psychophysiological  techniques  ore  evaluated  with 
reference  to  the  'performance  benchmark  criteria'  so  that  a  degree  of  correspondence  Is 
achieved  in  the  assessment  of  developing  ‘safety  network'  tools. 
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SUMMARY 

The  object  of  the  research- programme  at  RAE  la  to  Identify  and  hsbcbb  extremes  of  operational  work¬ 
load  using  either  existing  measures,  for  example,  NASA  TLX,  SWAT,  etc  together  with  Neurological  measure* 
manta i  Data  already  exists  from  specialist  laboratories  which  hIiowb  a  reliable  increase  In  the  DC  levels 
of  brain  activity  with  Increasing  vorklonda. 

In  order  to  optimise  workloads,  the  objectives  of  future  missions  will  be  predicted  and  analysed, 
following  this  detailed  task  analysis,  timeline  analysis  and  attentlonnl  demand  analysis  will  bo  used  to 
Identify  the  extent  to  which  particular  cognitive  channelo,  eg  vinual,  auditory,  and  psychomotor  arc  being 
used  at  any  one  tide.  In  parallel  with  this  analysis  evoked  responne  techniques  will  be  developed  from 
the  laboratory  studies  toward?  man-mountable  apparatus  for  in-flight  use.  This  will  require  the  develop¬ 
ment  of  low  noise  electrically  isolated  DC  amplifiers  of  high  dynamic  rnngo  design  to  obtain  physiological 
data  from  the  nan  with  the  minimum  of  operator  support, 

!n  recognising  that  at  high  workload  levels,  there  Is  a  strong  posoiblllty  of  subjects  ignoring 
i-erjndarv  tasks  during  laboratory  trials,  the  aim  will  be  to  provide  a  high  degree  of  perceived  realism  in 
laboratory  tasks.  To  achieve  this  aim  a  low-cost,  microcomputer  boned  f 1 i gh t/coffbn t  simulator  is  under 
development  to  allow  tasks  of  variable  complexity  to  bo  fully  integrated  into  an  ensemble  that  l a  per¬ 
ceived  by  subjects  as  realistic. 

From  these  analyses  arcus  of  task  conflict  and  work  overload  can  be  predicted  with  the  aim  of  assimi¬ 
lating  the  total  workload  to  a  consistent  optimal  level  throughout  the  mission.  Optimisation  will  be 
achieved  either  by  presenting  a  more  even  distribution  of  tasks,  or  by  reassessing  tasks  so  as  not  to  over¬ 
load  any  one  channel  at  any  one  time. 

INTRODUCTION 

In  both  civil  and  military  flyi.,g  a  major  cause  of  performance  degradation  is  the  existence  of  periods 
of  excessive  workload  when  the  operator  is  faced  with  demands  on  his  processing  abilities  which  simply 
cannot  be  fully  met,  no  matter  what  the  effort  he  1b  capable  of  applying. 

Workload  has  been  defined  in  many  ways;  as  "t.-ic  cost  incurred  by  the  hrmun  ope:  Vr  i.  aebi  ,ving  «. 
particular  level  of  performance”  (l),  "the  operator's  evaluation  of  the  attenMonal  load  margin  (between 
their  motivated  capacity  and  the  current  task  demands)  while  achlevlrg  ndeq-:n»“  task  performance  in  a 
mit  U on - rule van t  context”  (2),  o»-  even  as  "  ....  a  hypothetical  construct  that  reflects  the  interaction 
between  a  specific  individual  and  the  demands  imposed  by  n  specific  task"  (JJ. 

However  worklo.id  Is  defined,  for  practical  purposes  it  In  often  useful  to  consider  it  ns  ore  of  tin* 

stressors  imposed  on  the  operator,  and,  to  extend  the  mechanical  analogy,  the  resultant  ulrai-i  being 
l»i*  effect  on  the  operator's  performance. 

THE  PERCEIVED  PROBLEM 

Workload  demands  nay  arise  from  a  variety  of  source?  or  may  be  the  result  of  a  ccnccrted  demand  on 
jus f  one  procftSGirig  nodalily,  s  ich  os  nay  occur  when  aircrew  are  required  to  deal  with  incoming  and  out¬ 
going  coifctfiuni cat ions  with  o  nun , or  of  other  units,  or  are  required  to  monitor  and  read  dispLays  while 

observing  the  terrain  outside  the  aircraft  and  simultaneously  rnadlng  a  map. 

Dealing  with  workload  peaks  by  using  a  variety  of  ergonomic  techniques  including  enhancement  of  the 
mon-mschlne  l  .ter*acc,  r  'distribution  of  teaks  between  crew  members  and,  in  the  future,  applying  artificial 
lute 1 1 1 ,‘ence  to  support  the  human  operators'  capacity  dependfl  critically  on  Identification  of  the  precise 
flOuice  of  the  overload  and  how  it  affects  the  processing  abilities  of  the  operator.  Workload  nsaeusment 
is  most  often  of  two  types;  subjective  or  objective,  Figure  1. 

SUBJECTIVE  WORKLOAD 

The  subjective  typo,  in  which  data  from  carefully  structured  questionnai reo  and  interviews  with 
operators  of  the  hire,  -ft,  (or  of  a  similar  aircraft  or  system  to  that  under  development) ,  ere  analysed 
and  integrated  to  give  nn  overall  picture  of  the  subjective  dot  .nda  of  the  tasks  for  different  mica. on 
typos . 

Probably  still  the  most  widely  used  of  this  type  of  assessment  Is  the  Cooper -Harper  scale  and  tta 
modifications.  Designed  originally*  us  a  technique  for  assessing  al,cr**'t  handling  quail  tie**  using  a  ten- 
point  scale  derived  from  a  decision  tree ,  it  haa  been  used  in  a  modified  form  oh  a  neane  of  aMBcawlng 
w.-rl*  load. 

The  SWAT  technique  In  also  widely  used  for  n  variety  of  purposes;  three  aspects  of  workload,  temporal 
effort,  mental  effort  m.d  stress  are  rated  on  *j  three-point  ocalo,  and  subjects  are  then  asked  to  rank 
order  ail  2?  possible  corns i nations  oo  that  the  model  they  use  con  be  determined,  and  an  interval  scale 
developed  using  a  conjoint  scaling  technique, 
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SUBJECTIVE/EMPIRICAL 

OBJECTIVE 

PREDICTIVE/ANALYTICAL 

eg  NASA/TLX,  SWAT 
modified  Cooper-Harper 

Questionnaire-based  techniques 

Quite  sensitive  and  reliable 
but  essentially  post-hoc  and 
inevitably  intrusive 


Stress  related  physiological 
measures 

eg  Heat  rate  variability. 
Pupil  dilation  etc 


Time-line  analysis 
techniques 

Provide  a  generalised 
and  averaged 
assessment  ot  total 
workload 


Attentions!  demand 
techniques 

Provide  a  probabilistic 
analysis  of  potential 
overloads  in  each 
modality 


Function  related 
physiological 
measures 

EEG  based 


/ 


Generally  non-lntrusive 
but  difficult  to  Interpret 
and  sometimes  Inconsistent 


These  techniques  can 
be  combined  to  give 
a  prediction  of  workload 
in  future  systems 
for  example  the  Analytical 
Predictive  Workload 
Assessment  Technique 
(APWAT) 


Figure  1  Techniques  Of  Workload  Assessment 


TASK  ANALYSIS 


HUMAN  RESOURCES  MODEL 


Five  levels  of  function  analysis 
describing  tasks  carried  out  during  a 
predicted  mission  provides  a  time-line 
analysis 


Describes  visual,  auditory,  cognative  and 
psychomotor  modalities  required  by  the 
operator  for  each  task  m  the  mission. 
Provides  an  attentional  demand  analysis 


TASK  CONFLICT  MODEL 

Pairwise  comparison  of  concurrent  tasks  within  modalities.  Matrices 
provide  scores  of  acceptable,  marginal  and  unacceptable  workload 

l 

SAINT  SIMULATION  NETWORK 

Attentional  demand  analyses  are  plotted  over  100  runs  along  timeline 
analyses  as  a  percentage  of  total  workload  which  is 
acceptable/unacceptable 

I 

OUTPUT 

Graphs  of  timeline  and  attentional  demand  analysis,  which  establish 
peak  workload  areas  and  conflict  between  concurrent  tasks 


Figure  2  Summary  Of  Analytical  Predictive  Workload  Assessment  Technique 


NASA  Ames  have  developed  their  Task  Load  Index  (TLX)  technique  which  Una  soma  similarities  to  the 
SWAT  system.  The  TLX  system  1m  bnr.eH  on  *ix  suh-Hcnlen  consisting  of  mental,  physical  nnd  temporal  rirnnniln , 
and  the  subjects’  assessment  of  t'.mir  own  effort,  fruutrat  Ion  ai-d  perforin, moe.  TLX  iilr.n  nisei:  n  conjoint 
scaling  technique  In  which  the  subjects  make  pnlrwlne  comparisons  of  t.hc  six  factors  which  allow  compara¬ 
tive  welglitingH  to  be  established  for  «  particular  lank,  mid  then  rate  the  Magnitude  of  that  far  tor  between 
'low  nnd  high1  on  a  12  cm  line, 

OBJECTIVE  WORKLOAD 

Alternatively  to  thcnc  esaentlnlly  subjective  techniques,  or  ns  n  part  of  n  combined  test  bnt.trry,  n 
variety  of  objective  physiological  techniques  can  be  used,  tn  ndditlon  to  the  neurological  mothodn  de¬ 
scribed  In  this  paper,  objective  measures  such  as  hanrl.  rate  and  variability,  cye-bllnk  rate  and  even 
auditory  canal  temperature  have  been  lined  to  give  a  relatively  non-Intruslve  (but  not  always  totally 
reliable)  workload  aiinaanncnl,  which  has  the  advantage  that  It  can  be  nude  concurrent  with  Lhr  performance 
of  the  flying  task. 

EVOKED  RESPONSES 

Evoked  response,  or  event  related  potential,  techniques,  Involving  studies  of  brain  electrical 
activity  Immediately  following  a  stimulus,  have  been  gaining  credibility  in  recent  years  nr.  n  eiennr.  of 
Btadylng  Information  processing  and  cognitive  activity  within  the  brain  (A, 5,6,7),  Advances  in  the  tech¬ 
nology  have  led  to  a  considerable  oipanslon  In  the  application  of  these  techniques  to  studies  aimed  at 
Identifying  various  components  In  brain  activity  during  the  performance  of  a  wide  range  of  Inborn lory 
tasks , 

Possibly  the  greiteat  Increase  In  applications  has  been  In  the  area  of  mental  workload.  Ar.  operators 
of  systomc  of  all  kinds  are  encountering  an  Increase  In  the  ratio  of  mental  to  physical  workload,  it  la 
becoming  increasingly  desirable  for  designers  of  systems  to  be  able  to  define  the  performance  envelope  of 
operators.  The  endogenous  components  of  event  related  brain  activity,  particularly  DSnO,  nave  been  asm 
to  explore  the  allocation  of  'r, sources*  within  the  brain  daring  task  performance. 

Work  using  dual-tnsk  paradigms  ( H , 9 , 10 )  haB  shown  resource  reciprocity.  As  primary  tank  load 
Increased  the  primary  task  P300  also  Increased  an  more  resources  were  allocated  to  that  tank  and  away 
from  the  secondary  task,  where  u  corresponding  decrease  In  P300  level  was  observed,  Other  workers 
( 11 , 12, 13, Id, lb)  have  related  features  of  P300  and  other  early  signal  components  to  worklond  factors. 

The  signals  In  the  work  described  uboVe,  all  occur  within  a  few  hundred  milliseconds  of  the  eliciting 
event.  However,  changeu  In  EEC  activity  have  been  observed  over  much  longer  periods.  Slowly  changing  DC 
levels  have  heen  noted  which  have  been  connected  with  levels  of  arousal  or  activity  (16).  In  particular 
a  slow  -otentlsl  change  known  as  the  Contingent  Negative  Variation  has  been  shown  to  be  associated  with 
changes  In  attention,  motivation,  anticipation  and  tnsk  complexity. 

it  la  the  last  of  these  which  Is  of  intercut  to  the  programme  discussed  here.  Data  arc  already 
available  (17,  which  show  reliable  increases  In  DC  levels  of  evoked  potentials  with  Increasing  workload. 

These  techniques  are  currently  restricted  to  laboratory  applications.  However,  b-  focusing  effort 
solely  on  the  characterisation  of  workload,  in  particular,  the  Identification  of  appre aching  excess  work¬ 
load,  and,  improving  the  technology  involved,  RAE  intend  to  progress  towards  a  man-mountablo  apparatus  Tor 
in-fltght  use, 

In  the  past  research  Into  human  performance  and  workload  has  suffered  from  two  main  problems:  :he 
lack  of  relevant  of  laboratory  ptoduced  data  to  current  practical  proble.tr  and  the  lack  of  a  reliable 
meaeui  e  of  workload.  The  work  programme  propound  nt  tnc  Royal  Aerospace  Kotnbl  iohnent  (RaE)  lr.  aimed  nt 
solving  both  problems  by  u  Horiea  of  research  taakn  including  both  the  physiological  nnd  psychological 
aspects  of  workload, 

REQUIREMENTS  FOR  NEUROPHYSIOLOGICAL  MONITORING 

To  attempt  to  measure  brain  activity  several  specific  problems  must  be  nddressed  to  ennuro  good 
electrical  signals  under  conditions  of  absolute  safety.  This  lurt  factor  is  of  paramount  Importance  au 
the  introduction  of  any  unwonted  electrical  signals  into  the  brain  would  bo  counter  productive  to  the 
survival  of  the  pilot,  the  very  thing  that  the  workload  study  la  supposed  to  improve,  The  design  of  ony 
head  amplifier  muat  therefore,  meet  the  following  specification  'or  electrical  safety  and  meonurement  in 
a  non-obtruslve  fashion, 

INPUT  AMPLIFIER  SPECIFICATION 

Differential  Input,  alngle  ended  output  Power  by  isolation  power  Supply  llCCOV  protection) 

Gain  swltchable  between  10  or  100 

Input  noise  <luV  pp  (.1  Hz-100  Hz)  <EuV  pp  (.1  Hz-100  Hz) 

DC  stability  <1  uV/hr 

Thermal  range  -10  to  OO’C 

Low  thermal  drift  (aa  email  ns  ponsiblol 

Low  Input  bias  current  <10  pA 

High  input  impedance  >10000  Mn 

High  CMR  >100  dB 

Bandwidth  DC  to  10  KHz 

Dynamic  range  •  10  Volts 

Such  an  amplifier  Is  under  development  by  the  RAE  In  collaboration  with  the  Burden  Institute  for  both 
a  laboratory  multi-channel  research  instrument  and  fyable  pilot  monitoring  system, 


7-4 


PROPOSED  COQNITIVE  RESEARCH  PROGRAMME 

Although  present  techniques  are  very  useful  In  the  neaeaament  of  current  ayutoms,  their  VHiue  In 
equipment  procurement,  where  the  possible  performance  of  n  system  for  ltd  operators  must  be  predicted  nt 
a  Very  early  stage,  1g  limited  by  the  extent  to  which  subjective  nesesament  by  expert  operatoro  of  nn  In- 
Service  aircraft  or  system  can  be  extrapolated  to  what  may  be  o  totally  new  concept,,  Wl.n  la  needed  la  a 
predlctlve-analytical  workload  assessment  technique  which  eon,  given  the  anticipated  miaul  le  profiles, 
analyse  the  workload  demands  made  on  the  operator  throughout  the  mission,  both  qunntntlvely ,  nnd,  moat. 
Importantly,  qualitatively,  Such  a  predictive  technique  has  to  have  the  ability  to  Incorporate  prob¬ 
abilistic  data  Into  a  detailed  task  analysis  from  which  a  model  of  the  predicted  mpment-to-moment  demands 
on  the  operator's  proceaalng  capacity  can  be  made,  together  with  an  analysis  of  the  modality  or 
modalities  which  are  under  prensure. 

At  RAE  Fnrnbororgh  we  are  developing  euch  a  predlctlve-nnnlyt lcnl  system  for  use  Initially  nu  n  pro¬ 
curement  tool  for  assessment  both  of  developed  aircraft  and  systems  which  arc  under  cons  1  deration  for 
procurement,  and  aa  a  direct  aid  In  the  development  of  new  concepts, 

The  aim  la  to  predict  arena  of  high  workload  during  a  mission  using  n  technique  developed  by 
McCracken  and  Aldrich  (la),  and  then  apply  acme  of  the  existing  measures  such  ua  NASA  TLX  and  SWAT,  in 
order  to  validate  the  model.  The  predictive  technique  haa  Its  advantages  in  tlintt 

1  It.  1b  a  probabilistic  model, 

2  It  followa  a  top-down  process, 

3  it  looks  at  the  mission  as  a  whole,  and  net  at  specifically  selected  tanks, 

A  It  includes  both  timeline  and  attontlonal  demand  analyses. 

The  tineline  analysis  is  required  to  ace  what  proportion  of  any  one  mission  the  operator  spends  on 
any  one  tank  and  t.he  nttentionul  demand  analysts  is  required  In  order  to  determine  -Inch  modalities  the 
humnn  uses  to  carry  out  each  task. 

Thin  predictive  teohnlquo  (figure  2)  Involves  analysing  the  expected  mission  profile  for  the 
particular  aircraft,  and  the  physiological  and  psychological  aspects  of  carrying  out  the  mission  m.d  then 
to  see  where  the  areas  of  task  conflict  lie.  Consequently  It  is  split  into  three  parts,  the  tauk  analysis, 
a  human  resources  model,  and  a  task  conflict,  model,  which  ties  together  the  first  two  uectlonB. 

Initially,  there  are  five  levels  to  the  task  nnaiyula.  The  first  lcvi  indicates  the  major  functions 
to  be  performed  to  complete  the  mission  and  then  levels  two  und  three  break  those  functions  down  Into 
further  functions.  A  fourth  level  provides  the  Information  requirements  nnd  Initialing  com!  I  Monti  and  a 
fifth  level  of  tasks  required  Is  made.  For  each  of  the  tasks  It  hua  to  be  decided  whether  they  arc  better 
done  by  man  or  machine  and  then  a  tusk  description  Is  written. 

The  human  resources  model  Is  then  looked  at.  to  see  which  modalities  are  used  for  each  tauk.  From  the 
McCracken  and  Aldrich  model  there  arc  four  modalities  used,  visual,  auditory,  cognitive  nnd  psyclmnaior 
(commonly  known  as  VACPs).  The  visual,  Cognitive  and  psychomotor  modalities  each  have  seven  dracrlptnru, 
although  currently  there  are  only  four  for  the  auditory  modality.  Consequently  this  does  not  fall  m  line 
with  the  other  Beales  at  present:  but  a  seven  point  scale  for  the  auditory  modality  is  under  development 
and  wo  nope  to  Implement  this  as  soon  as  possible.  Each  descriptor  in  then  allocate.!  a  weighting  of  1-V 
or  1-d  respectively,  For  each  task  from  the  task  analysis  a  VACP  la  octilgned.  However,  tanks  nrc  no; 
all  serially  placed  throughout  time  during  a  mission,  that  Is,  there  tire  loir,  of  concurrent  tasks,  some  .if 
which  lead  to  very  high  workload  ureas  nnd  arena  ef  task  conflict. 

The  task  conflict  mooel  brings  together  the  first  two  uoetlomi  and  in  used  to  determine  whutliei-  the 
concurrent  tasks  ore  compatible.  By  rating  one  modality  of  one  taux  along  one  side  nr  a  square  and  rating 
the  same  modality  of  the  concurrent  task  along,  the  perpendicular  side  a  matrix  can  be  produced  fnr  each 
modality.  The  corresponding  cell  of  the  outcome  matrix  la  then  described  In  um  of  Llirco  ».-iyu,  uw-eptablu 
(A),  marginal  ( M )  and  unacceptable  ( U 1 ,  Figure  3  ll'ustrntoo  the  Situation  Outcome  Matrices  for  the  visual 
and  auditory  modalities.  f  ulitf  1«  set  of  rules  is  devised  in  order  to  determine  the  overall  workload 
situation  for  any  aeries  of  concurrent  tasks,  for  example,  if  any  attentions!  demand  category  Is  unneept- 
able  the  situation  is  unacceptable. 

The  predictiona  as  to  whether  two  concurrent  tusks  nrc  acceptable,  marginal  or  unacceptable  rtro 
carried  out  by  the  SAINT  Simulation  Programme,  Prior  to  simulating  the  Initiation  of  each  task  t lie 
programme  compares  the  attontlonal  demand  rating  of  the  tank  in  be  performed  against  the  rating-:  of  ongtlng 
tasks.  The  outcome  of  tills  prediction  is  then  presented  in  two  forma ta:  (1)  tabular  and  (Pi  graphical. 

By  overlaying  the  llmellno  analysis  graph  on  the  frequency  of  occurrence  graph  it  can  he  seen  that  for 
some  areas  of  a  mission,  where  tasks  may  be  very  short,  nnd  simple  the  pilot  can  he  occupied  100%  of  the 
time,  hut  that  overload  can  still  occur  when  only  20%  of  the  time  In  occupied.  Overload  on  a  tank  may 
occur  Just  bee  tuse  the  out. come  matrix  of  two  concurrent  tanks  show  an  unaccept.ihle  ntluniiun  ulllicr  for 
one  particular  nodal  1  ty  or  for  the  overall  situation  due  >o  the  defining  ml™. 

Vo  aim  to  apply  this  technique  to  new  proposed  aircraft  both  Tixed  wing  and  rotary,  nu  well  an  to 
thoue  aircraft  currently  in  service,  although  the  model  can  be  adapted  *n  suit  operator  wcklond  in  other 
vehicles  and  sltuntionB,  By  comparing  the  predictive  iohuIib  -with  reiiuim  of  otnei  subject  l\"  I uchn i quer, 
such  as  NASA  TLX  and  SWAT  and  physiological  measures  nuch  ns  FEG  we  will  |„.  able  to  validate  the  model, 

Tho  technique  will  then  be  evolved  nnd  adapted  ns  a  standard  asueasinent  and  design  tool  for  aircraft  under 
development  and  under  considers 1 1  an  for  procurement. 


VISUAL  OUTCOME  MATRIX 


First  task 

Description 

Monitor,  scan,  survey 
Detect  movement,  change  In  intensity 
Trace,  follow  track 
Align,  airn,  orient 

Discriminate  on  the  basis  of  symbol 
Discriminate  on  multiple  aspects 
Read,  decipher  text,  decode 


Concurrent  task 


Rating 

1 

2 

3 

4 

5 

6 

7 

1 

A 

A 

A 

A 

A 

A 

M 

2 

A 

A 

A 

A 

A 

A 

M 

3 

A 

A 

U 

A 

M 

M 

U 

4 

A 

A 

A 

U 

M 

M 

U 

5 

A 

A 

M 

M 

U 

U 

U 

6 

A 

A 

M 

M 

U 

U 

U 

7 

M 

M 

U 

U 

U 

U 

U 

AUDITORY  OUTCOME  MATRIX 

First  task  Concurrent  task 


Description 

Rating 

1 

2 

3 

4 

Detect  occurrence  of  sound 

1 

A 

A 

A 

A 

Detect  change  in  amplitude,  pitch 

2 

A 

A 

M 

M 

Understand  message 

3 

A 

M 

U 

U 

Discriminate  signal  patterns 

4 

A 

M 

U 

U 

Figure  3  Situation  Outcome  Matrices 


7-6 


SIMULATED  FLIQHT  ENVIRONMENT 

Recognising  that,  at  the  high  workload  levels  to  be  studied,  there  la  a  utrong  possibility  of  subjects' 
ignoring  secondary  tasks  during  laboratory  trials,  the  aim  will  be  to  provide  a  high  degree  of  perceived 
realism  In  laboratory  tasks,  A  low-cost,  microcomputer-based,  fllght/eombat  simulator  la  under  develop¬ 
ment,  This  allows  tanka  of  variable  complexity  to  be  fully  Integrated  Into  an  ensemble  that  la  perceived 
by  subjects  as  realistic. 

The  system  under  development  is  one  Of  a  new  generation  of  microprocessor  ouaed  ilmulatora  dealgned 
to  complement  rather  than  replace  high  level  systema.  They  are  intended  to  show  how  an  Individual  will 
respond  under  the  streaa  of  the  activity  rather  than  measure  the  response  when  operating  u  piece  of  hard¬ 
ware  tn  a  controlled  environment, 

The  system  comprises  a  network  of  nine  microprocessors  providing  in-cockpit  controls,  Instrument 
displays  on  four  In-eockpit  screens,  three  real-world  views  and  operator  control  over  tvrnia  occurring 
within  the  scenario,  A  high  speed,  multi-parallel  connection  box  allows  data  flow  amongat  proceaaors 
sufficient  to  achieve  a  refresh  rate  on  all  screens  oi  greater  than  25  Hz, 

Aerodynamic  performance,  weapon  capability  and  adversary  tactical  eiscution  are  modulled  simply 
uelng  a  few  basic  parameters  on  the  basis  of  energy  manoeuvrability.  Threat  Indicator  dlaplay  and  radar 
performance  are  modelled  In  a  similar  manner,  the  key  feature  In  all  coses  being  the  apeed  with  which 
reprogramming  can  be  completed.  The  force  ratios,  mission  scenarios,  type  of  threat  and  quality  of 
threat  con  be  varied  at  run  time  and  a  spread  sheet  will  give  the  ability  to  programme  exact  performance 
and  operational  limits  when  required.  Initially  a  minimal  version  of  the  simulator  will  be  UBed, 
configured  such  that  the  taak  to  be  performed  mapa  closely  to  a  laboratory  task  used  for  early  work  on 
slow  potential  and  proving  of  the  EEC  hardware, 

A  history  of  events  within  the  model  will  be  available  from  the  network  firstly  for  synchronising 
those  events  with  recorded  brain  activity  and  secondly  for  the  extraction  of  subject  performance  data  for 
analysis. 

Following  a  satisfactory  proving  period,  the  ease  and  speed  with  which  the  model  may  be  reprogrammed 
will  allow  a  aeries  of  trials  in  which  the  number  and  complexity  of  taokB  to  be  performed  la  gradually 
Increased. 

It  la  planned  to  define  the  type  of  relationship  between  workload  and  slow  potentials  and  ERF  over 
a  much  wider  range  of  workloads,  to  establish  the  effects  of  different  categories  of  workload  (visual, 
cognitive  etc)  and  to  eatabll-h  the  behaviour  when  workload  la  incres-ed  to  the  pMnt  of  overload. 

During  thin  period  the  subjective  workload  measurement  techniques  will  be  used  to  quantify  the  workload 
at  each  significant  etage  and  show  how  the  two  techniques  may  be  used  to  complement  each  other, 
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RESUME 

Lcs  variations  do  I'Etat  d'Evell  ot  do  la  performance  au  emirs  d'acllvltEs  monotones  ont  EtE  montrees  par  do 
nombreux  auteurs.  Dans  lcs  transports  aErlons,  la  monolonle  sc  trouve  snuvent  nssoeiEc  avre  des  cycles 
IrrEgullcrs  do  travail  ct  dos  ddcnlages  horaircs  Importants.  Los  Interactions  entre  ces  fadetirs  contribiicnt 
A  amplifier  la  balsse  des  performances  ct  dc  la  vigilance.  Afin  d'Eludlcr  le  com|*>r|emcnt  ties  pilotes  nu 
cours  de  vols  lohg-courrlcrs,  une  recherche  a  EtE  cntrcprisc.  ttllc  a  comme  objectif  d'ldentifler  les  phases 
d'hypovlgilancc  et  d'Evaluer  leurs  repercussions  sur  la  performance  des  pilotes.  l.a  methode  drtudn 
rclcnuc  repose  sur  une  Evaluation  objective  des  fluctuations  de  I’cvcil  des  pilotes  A  partir  de  parnmMrcs 
physiologiques,  complctce  par  line  analyse  ties  activites  ties  differenls  membres  tie  I'Equipagc.  Des 
techniques  ambulatoircs  sont  ulilisecs  pour  recuciliir  l'Electro-cncEphalogramme  (ERG),  I'EIcciro- 
oculogrammc  (EOG)  ct  t'EIcctrocardiogrammc  (ECG)  au  cours  des  vols.  La  frequence  cardiaquc  el  I'nctivile 
molrtcc  du  poignet  sont  cgalcmcnt  cnrcglstrEcs  au  cours  des  vols  et  pendant  les  pEriodes  tie  repos. 
L'activltE  motrtcc  du  poignet  permet  d'obtenlr  des  informations  sur  lcs  cycles  activitEs-rcpos  ties  pilotes. 
L'obscrvation  des  actlvllEs  ct  dc  la  tAchc  de  1‘Equlpige  csl  renllsEc  simultonEmcnt  A  ccs  cnreglstremenis 
cn  ulilisant  une  grille  codEc,  Hull  vols  long-courriers,  transmEridiens  et  nord-sml,  ont  EtE  cffccliiEs  an  cours 
de  la  prcmi&re  Etapo  dc  miscs  au  point  des  protocoles.  Lcs  premiers  resullnts  monlrcnt  d'importnnles 
variations  dans  les  spectres  d'EEG  quantifies  ct  dans  la  frequence  tics  mouvemcnls  oculairos.  Des 
alicrnanccs  dc  phases  durant  Icsqucllcs  les  pilotes  prEscnlont  une  vigilance  Elcvcc  avec  ties  phases  tie 
Somnolence  ont  Etc  observEcs  pour  chaquc  membre  do  1'Equipage.  U*s  privations  de  summed  an  cours  des 
(.■scales  ont  des  repercussions  sur  le  comportcmcnl  ties  pilotes.  Eh  partieulier,  la  baisse  de  vigilance  paratl 
plus  prononccc  pour  lcs  vols  qui  suiveni  une  unit  avee  privation  dc  sotnmcil,  mEme  si  ce  vol  est  effect uE 
pendant  ia  joumec. 


INTRODUCriON 

L’Evolmion  dos  posies  de  pilotage  ou  de  conduile  ainsi  quo  1‘nugmenlalion  dc  la  tlurce  ties  irnjcls, 
que  cc  soil  dans  le  transport  aericn  on  ferrovinire,  conduiscnt  A  une  redefinition  du  role  tie  loperalcnr 
humain.  Cello  Evolution  qui  concerno  A  la  fois  la  nature  de  la  tSchc  cl  I’organisalion  du  travail  dans  le 
temps  cst  A  I’originc  d'unc  sEric  dc  rcchcrches  dcslinccs  A  Evaluer  lcs  cnpacilos  tie  l*o|>Eratcur  luimain  on 
lermes  dc  vigilance  ct  dc  performance  pendant  de  longues  durees. 

Les  modifications  survenucs  dans  lcs  transports  sc  traduisent  dans  de  nombreiix  ras  par  une 
diminution  du  niveau  d'cvcil  dc  I'opcratcur.  Dans  le  domainc  ferrovinire,  ties  Iravaux  realises  cn 
Inbornloire  sur  unc  lAchc  dc  conduile  simplifiEc  (1,  2)  ont  permis  d'objodivcr  relic  reduction  dc  In 
vigilance  des  conducteurs.  Ccs  rcsullals  sc  confirment  stir  ie  terrain  (3,  <1). 

Paralltlcmcnt  A  ces  transformations  dans  le  conlcnu  de  In  taebo  on  conslale  une  augmenlalion  ile  la 
durcc  des  trajels  lice  A  I'autonomie  accrue  des  moyens  de  tinnsports,  ce  qui  est  irt\s  net  dans  I'neronnuliqiic 
civile  pour  les  nouvenux  avions,  nolammenl  le  Uocing  7<17-4(K),  el  tlans  un  proebe  nvenir  1‘Airluis  A3>t(). 
Comptc  tenu  dc  la  legislation  sur  la  durec  du  travail  au  emirs  ties  vols  long-courricrs  res  durees  clcvecs 
conduiscnt  A  des  clinngemcnts  radicatix  dans  la  conqxisilion  des  Equipages  cl  par  voic  tie  consequence  dans 
la  repnrtilion  des  lAchcs  cnlrc  les  differenls  membres  de  I'Equipagc.  Par  ntllcurs,  les  pilotes  tie  vols  long- 
courriers  sont  soumis  aux  horaircs  alternants  ct  oux  decalages  horaircs  tlans  ie  ras  tie  vols  Iransmt-ridiens. 
Cello  situation  pool  nccroitre  les  baisses  de  vigilance  par  les  port tirb.il ions  quelle  occasionin'  sur  le 
rylhmo  veille-sommcil  (5,  6, 7)  avee  nolainmont  une  diminution  tie  la  qualile  et  de  la  duree  dn  sommeil. 


Lcs  ^Uidos  rdalls6es  au  cours  de  vols  long-courriors  demeurent  primnrdlnles  car  dies  vonl  pormettre 
d‘(5valuer  lo  repercussion  dcs  contraintes  tides  A  la  lAche,  notnmment  In  mo  no  Ionic,  lcs  horalres 
Irrdgullors  ci  lcs  difcalagcs  horairca  sur  I'cf llcicncc  dcs  pilotes, 

Lcs  balsscs  dc  vigilance  cn  laboratoirc  lidos  A  In  monotonic  dc  In  tAche  ont  tM6  monlrdos  par 
pluslcurs  auteurs  (8,  9,  10,  11).  Dans  lc  cas  dcs  dtudos  rdalisdcs  sur  le  terrain,  un  certain  nombre  dc 
probl&mcs  dc  mdthodo  sc  posent,  nolommcnt  dans  fanalyse  do  la  tAche  ot  dc  la  detection  dc  balsscs  do 
performance.  La  plupnrt  dcs  etudes  mcnecs  sur  lc  terrain  utlllsenl  dcs  techniques  do  monitoring 
nmbulatolrc  ftfin  de  rccucilllr  dcs  parnmAtres  physlologlqucs,  CrAre  A  ccs  mcthodcs,  il  csl  possible  dc 
mctlrc  cn  evidence  lcs  porlurballons  du  cycle  vcllic-sommcll  consecutivos  A  dcs  changements  d'horalrcs. 
Ccpcndanl  ccs  etudes  dcnicurcnt  generalcmcnt  limitecs  aux  perturbations  dcs  rythmes  biologiqucs  ct  sonl 
peu  orlcniecs  vers  lcs  relations  entre  In  nature  de  la  (Ache  ct  les  modifications  do  l'6tat  pliyslologlqtic. 
Cest  pourquoi  deux  types  d'expArtmentations  sont  en  cours  sur  la  conduilo  ferrovinirc  el  sur  ties  vols  long- 
courrlcrs.  tu:s  rochorchos  dcstinecs  A  objcctlvcr  des  balsscs  dc  vigilance  du  conducleur  dans  le  domnlnc 
forrovlalrc  ont  debute  par  dcs  experimentations  de  laboratoirc  utilisnnl  une  lAchc  dc  conduitc  slmplifiOe 
(1,  2).  Ccs  rcchercbos  onl  permis  dc  mcltrc  en  relation  les  variations  dc  I’etat  d'cvcil  evalueos  par 
I'clcctroKjncephalogramme  avee  d'unc  pari  dcs  omissions  dc  reponses  aux  signaux  provenant  dc  la  voic  ct 
d'autre  part  dcs  perturbations  dc  faction  molrice  du  conducleur  sur  lc  systAmc  do  sccurite  utilise  dans  les 
cnbincs  dc  train.  Cc  systfcme  fonde  sur  lc  principc  dc  “I'hommc  mort"  cst  conslilue  dc  deux  pcdnlcs  ct  d'unc 
commando  manuelle  (systAme  VACMA).  Lc  conducleur  doit  acliver  co  sysitmc  ct  lc  rclAchor 
periodiquement  attestant  ainsi  dc  sa  presence.  L'identifiention  dc  perturbations  molriccs  offre  un  moycn 
dc  detection  dc  ccs  hypovigilanccs  lors  tic  in  conduitc  recl'e.  Une  etude  dc  validation  tl'un  systAme 
analysant  cn  temps  reel  faction  du  conducleur  sur  le  sysitmc  de  sccurite  est  nctuollcment  cn  cours.  Si  cello 
mclhodo  do  defection  cst  vnlldoo,  dcs  moyens  do  reactivation  devront  ctre  clnbores,  notammonl  par 
{'utilisation  dc  modifications  dc  la  lAchc. 

Dan9  lo  contcxtc  dc  PaAronautlquc,  la  detection  dcs  hypovigilanccs  parait  plus  difficile  A  rcailscr 
dans  la  mesure  ou  lcs  pilotes  nc  sont  pas  astreints  A  f  utilisation  d’un  sysitmc  dc  sccuritd  pour  attestor  dc 
lour  presence.  D'autres  moyens  devront  tire  imagines  pour  pcrmctlrc  d'cvilcr  ou  dc  dclcclcr  {'apparition 
dc  ccs  baisscs  do  vigilance.  Complc  tenu  de  la  presence  d'au  moins  deux  pilotes  dans  la  cnhinc,  ccs 
mcthodcs  pourront  par  cxcmple  s'orienter  vers  la  geslion  dc  cycle  aclivitc-repos  permettant  line 
rAcupAration  oplimalc  do  cliacun  des  mombres  d'Aqulpage. 

Lc  but  dc  la  presente  recherche  csl  d'cvaluer  la  variabililc  du  niveau  d'Avcil  dcs  pilules  ct 
dcludier  dos  possibililcs  de  reactivation  ou  d'assislancc. 


METHOOE 

La  mAthode  ct  les  rtsuilats  obtenus  sur  les  premiers  vols  onl  etc  presen  Its  rccemment  (12),  Celle 
mAthode  repose  sur  lc  rccueil  dc  donnccs  pliysiologiqucs  ct  sur  (’observation  simultnncc  dc  chaquc  membre 
dc  PAquipage. 

Rccueil  d cs  donnccs  physiologiqucs 
Quntro  typos  dc  mesures  sont  rcnllsces : 

-  I'AIcctro-encAphalogrnmmc  (EEC),  afin  d'Atudier,  nprts  analyse  spcctralc,  les  variations  des 
principaux  rythmes  :  beta,  alpha,  thtla  ct  delta, 

-  I'clcctro-oculogrammc  (EOG)  dont  cst  extraito  la  frequence  ties  cligncmcnts  oculaires  , 

-  la  frequence  ct  la  varinbilitc  cardinquo, 

-  PaclivitA  molrice  du  poignel  (nctomclrie). 

L'EEG  cl  I'EOG  permettent  d'cvaluer  cn  continu  lc  niveau  d'cvcil,  cl  dc  detector  des  periodes  dc 
somnolence.  Pour  I'liEG  il  a  AlA  retenue  d'cnrcgislrcr  une  scute  derivation  parictn -oicipitnlo.  Cette 
derivation  nAccssilc  la  pose  dc  qualrc  electrodes  codecs  nu  collodion  :  une  electrode  ncripitnle,  line 
electrode  pariAtalo,  ct  deux  electrodes  dc  lerre  placccs  au  vertex.  Pour  le  rccueil  de  I  P.QG  deux  electrodes 
sonl  fix6os  ;  I'une  sur  une  zone  Aleetriquemcnt  inactive,  la  masloi'dc,  faulre  A  un  centimetre  au  -dossil*  de 
I'ocil.  La  frequence  cardiaquc  a  etc  enrcgistrec  au  moyen  dedeux  derivations  de  ty|>c  CM3  (creux  axillairc 


droit,  creux  nxlllnlre  gauche)  ct  nous  nous  intercssons  lei  dnvnnlnge  A  In  variability  cnrdlnqtio  dont  les 
variations  sont  llties  A  la  charge  do  travail  mcnlnle. 

Tour  la  mesure  de  1'actomdtrlc,  un  captcur  dc  mouvements  fixd  par  un  bracelet  stir  le  polgnet  droit  des 
pilules  a  die  utilise.  Cc  captcur  comptablllsc  les  displacements  A  partir  d'unc  ddlcctlon  d'accdldratlons.  Cc 
paramdtre  permet  de  sulvre  surdes  cnrcglstrements  dc  longues  thirties  le  doroulcmcnt  des  cycles  activity* 
repos. 

Au  cours  de  la  rotation  le  recucll  des  paramitres  est  different  au  emirs  du  vol  ct  et  des  repos  A 
I'cscalo  : 

-  I'actomdlric  a  did  rccucillic  au  inoycn  du  systime  Vitalog  ct  malntennnl  avec  le  systime  Adlgrapho  (|til 
se  rdvdle  plus  souplc  d'cmploi,  les  rdsullals  sonl  uiilisds  afin  d'identifier  les  phases  de  repos  des  pilotes 
cl  dc  mctire  cn  dvidencc  d'dvcntuelles  privations  de  sommoil, 

-  au  cours  du  vol,  I'KCG,  I'EEG  ct  I'EOG  sont  recucillis  sur  le  systdme  d'cnregislrcmcnt  magndtlque 
Medilog  afin  d’dludicr  les  variations  de  la  pdriode  cardiaque,  le  spectre  dc  puissance  de  I'EEG,  le 
nombre  dc  cllgnemenls  des  yeux. 

Observation  tie  la  Idclic  et  dc  i'awironncmenl  dcs  fiiloles 

Parallilcmcnl  au  rccucil  dc  ccs  inesures  physiologiqucs,  une  observation  chronomdtrde  tie  la  lAche  el 
de  1'environnemcnt  des  pilotes  est  effcctueo.  Celle  observation  cst  rdalisde  A  partir  d'unc  grille  de  nnlagc 
(figure  n°l)  qtii  proud  en  comple  divers  elements  susceptible*  de  faire  varier  I'dtnt  dc  vigilance  ti>i  pilule. 

Les  phases  el  la  geslion  du  vol,  I'environnemenl  opdrntionnel,  les  communications,  la  repartition  ties 
(Aches  entro  Ic  co-pilotc  ct  le  commandant  de  bord,  les  communications  cl  la  mdtdo  sonl  prises  on  rumple 
pour  1'cnscmblc  dc  I'dquipagc  tout  au  long  de  1‘cxpdrimentation.  La  tAche  ct  I'dtat  sont  notes  pour  ebaque 
mombre  d'dquipage. 

Les  rdsultats  sont  anaiysds  : 

-  cn  function  du  temps,  ce  qui  permet  dc  detector  les  fluctuations  les  plus  marquantes  de  la  vigilance  cl  tie 
la  charge  de  travail, 

-  en  function  dcs  segments  tcmporcls  identifies  par  ('observation  ct  caractetisos  par  un  cotie  tie  phase  tie 
vol,  dadivite  dcs  pilotes,  etc,... 

Ccs  resuitnts  sont  A  present  integres  dans  unc  base  dc  donntfes  qui  devrait  pormettre  de  mieiix  ^valuer 
les  variations  physiologiqucs  en  fonclion  du  contcxic  du  vol. 

Vols  effect  uh 

Deux  lyiKS  tic  rotation  onl  tie  cffcctueos  au  cours  do  la  phase  de  mise  au  point  de  In  mclhodo  : 

-  des  vols  transmOridions :  Pnris-Winnipcg-I’aris  sur  13-747  ct  I’aris-Cayenno-I’aris  sur  IX.8 

-  dcs  vols  nord-sutl  :  I’aris-Librcvillc-I’aris  ct  Pnris-Hrazzavillc-l’nris  sur  0-747. 

Les  vol,  prevus  |X)tir  In  phase  experimentale,  vonl  conccner  en  plus  ties  rotations  procctlemmenl 
cilecs  ; 

-  dcs  rotations  l)ruxrlles*Librevil)e-IJruxcllcs  sur  Airbus  A3 1  ()  cl  prnehainement  llritxellcs  New  York* 
Hruxclles  sur  Airbus  A-320. 

-  ties  rotations  de  longues  durfes :  I’aris-Singapour-I’aris  sur  B-747-400. 

Au  cours  dc  cello  phase  experimentale,  50  vols  tie  longues  thirties  sernnt  effeducs.  En  complement  tie 
I’observalion  de  la  taebe  el  du  rccucil  ties  paramitres  physiologiqucs,  ties  questionnaires  tie  sommcil 
seront  utilises.  Cos  questionnaires  out  tie  (’laborer.  et  scront  cxploiles  par  le  CH11MA. 
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Evaluation  do  la  vigilance 

Evaluation  au  cours  du  temps  de  la  vigilance  cst  fondcc  sur  ('analyse  des  spectres  EEG  alnsl  quo  sur 
la  frequence  dcs  clignements  oculairos.  Du  point  de  vuc  EEC,  la  baisse  de  vigilance  so  tradnit  par  unc 
augmentation  de  la  puissance  dans  les  rythmes  lents  (delta,  theta)  ou  du  rythnie  alpha.  Dans  Ic  mime 
temps  la  frequence  dos  clignements  oculairos  augmente,  La  baisse  dc  vigilance  pout  egalcmcnl  6tre 
objectives  par  unc  augmentation  dc  la  puissance  totale  du  spectre  EEG  ou  par  1'etude  dcs  rapports  de 
spectre  entre  les  bandcs  alpha  el  lhAla  ou  alpha  ct  delta 

Tour  un  vol  transmtfridicn  qui  s'ost  ddroulc*  entre  14100  ol  23h30  GMT,  on  constate  pour  lc  co-pilote 
I'apparition  d'unc  p6rlode  d'hypovlgilance  4  heures  aprfcs  Ic  ddbut  du  vol.  Cede  hypovtgilance  so  traduit 
par  unc  augmentation  dc  puissance  dans  les  rylhmes  EEG  lents  delta  et  thdta  atnsi  quo  par  une 
augmentation  de  la  frequence  des  clignements  oculaires  (figure  n°2).  Dans  I'cnsemble  le  commandant  de 
bord  presento  au  cours  dc  cc  vol  une  vigilance  stable  (figure  n‘  3). 

Lc  vol  dc  rctour  s'est  dcroulc  aprfcs  une  periode  dc  16  hcurcs  do  repos  A  Winnipeg,  entre  15h(X)  ct 
22h00  GMT.  Environ  4h30  aprfcs  le  debut  du  vol,  on  constate  pour  le  commandant  de  bord  une  diminution  de 
ia  vigilance  caract6risce  par  unc  augmentation  des  rythmes  delta  et  alpha  el  de  la  frequence  des 
clignements  oculairos  (figure  n°4).  Unc  seconde  periode  d'hypovigilance  apparait  A  la  fin  du  vol.  Chez  le 
copilote,  it  cst  egalcmcnl  possible  dc  dctccter  deux  periodcs  dc  baisse  de  vigilance,  l  ime  environ  2  hemes 
aprts  le  debut  du  vol  I'autrc  un  peu  plus  de  5  heures  aprfrs  le  decollage  (figure  n°5). 

Les  periodcs  d'hypovigilance  sont  done  plus  nombreuses  lors  du  vnl  rclnur  que  lors  du  vol  allcr.  Par 
aillcurs  ces  hypovigllanccs  apparaissent  plut6t  lors  dcs  pdrindes  de  vol  de  trolsiAre.  Les  pilules 
presentent  un  fitat  d'6vell  attentif  lors  des  periodcs  d'approehc  cl  d'ollerrissagc.  Lc  plus  grand  nombre 
d'hypovigllanccs  lors  du  vol  dc  rclour  s’explique  cn  grande  pariie  par  la  privation  particllc  dc  sommeil 
lors  du  repos  A  I'cscatc. 

La  figure  n°6  presento  un  autre  excmple  de  rdsultats  obtenus  sur  un  vol  nord-sud  pour  leco-pilolecl  le 
mrkanicicn.  On  constate  pour  cc  vol  que  les  periodcs  d'hypovigilance  apparaissent  au  mOmc  moment  pur 
ces  deux  mombres  d'equipage  au  cours  du  vol  de  croisRre,  environ  deux  heures  aprfcs  Ic  debut  du  vol. 


Elude  des  rythmes  veille-sommcil 

Ces  paramistres  pcrmotlent  d’Ovaluer  les  cycles  acll'itc-rcpos  au  cours  dc  la  rotation  (figures  n°7  et 
8).  A  partir  de  I'ac  tome  trio,  il  est  notammont  possible  de  determiner  avee  unc  Imnne  precision  les  houros  de 
lever  cl  dc  couchcr,  ainsi  quo  la  qualite  du  sommeil  par  la  frequence  dcs  reveils  |>cr-somniqiics.  A  I'examen 
de  ces  figures,  on  note  pour  ce  pilotc  un  nombre  important  de  rcvcils  per-somniques  ccraclerises  par  une 
augmentation  de  I'activite  motricc  ccqui  traduit  un  sommeil  dc  qualite  mediocre. 

Observations 

Sur  Ic  plan  dc  l'obscrvation,  il  est  possible  d'cvaluer  la  repartition  dcs  (Aches,  dcs  durees  de 
communication  entre  le  commandant  do  bord  ct  le  co-pilote  ainsi  que  leur  etat  ros|"’clif  (figures  n"9  el  10). 
Devolution  des  communications  (figure  nnll)  constituc  egalcmcnl  un  fncleur  susceptible  d'infliienror  la 
vigilance  dcs  pilotes.  On  constate  quo  les  baisses  de  vigilance  apparaissent  siirloul  lors  do  periodcs  de 
silence.  La  diminution  dcs  sotlicilations  survenant  lors  de  ces  periodcs  a  un  effet  sur  le  niveau  de  vigilance 
dcs  pilotes. 

Cepcndant,  il  cst  pour  ('instant  difficile  d'associcr  ces  observations  avec  les  variations  des 
param6tres  physiolog-qucs  taut  que  I'cnsemble  de  ces  paramelres  n'est  pas  integre  dans  In  base  de 
donnees. 

NOanmoins  unc  premiere  analyse  dc  ccs  observations  a  per  mis  dc  melt  re  en  evidence  des  fneleurs 
predominants  influoncanl  la  vigilance  des  pilotes  : 

-  la  periode  au  cours  de  laquollc  sc  dcroulc  Ic  vol  (dc  unit  ou  de  jour), 

-  les  aclivilcs  antcricurcs  du  pilotc  (repos,  dccalngcs  horaircs,  rotations  nocturnes), 
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Figure  n°2 

Evolution  dos  rytiimes  EEG  el  do  la  frequence  des  cligncments  oculaircs 
d’un  co-pilotc  lors  d'un  vol  csl-oucst 


Figure  n66 

Excmplo  devolution  ties  diffdrcnls  rylhmes  EEO  pour  un  vol  tie  jour  dans  Ic  sens  Nord-Sud 
Enregistrements  cffcctuds  sur  Ic  co-pilotc  (cn  haul)  ct  sur  Ic  mtfcanicicn  (cn  has). 


EVOLUTION  DC  L’ACTOMETWE  ET  DE  IA  f  M6QUENCG  CAHOIAQUE 
MOYENNE  AU  CQUR9  D  UN  VOL  TOANgMEfltOIEN 
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Figure  n°l  I 

livolulion  dcs  communications  au  cours  do  vols  Irnnsmoridions 
el  phases  d'hypovigilancc  idcniifiees  sur  Ics  Iraccs  FHG  et  HOG. 

hypovigilancc  idcnlificc  pour  !e  commandant  do  bold 

j^\^]  hypovigilancc  idcnlificc  pour  lo  cn-pilolc 

[X>Oj  hypovigilancc  idcnlificc  pour  lc  commandant  tic  bortl 
cl  lc  co-pilolc 


-  la  region  survolcc  (zone  atlantique  4  fatble  traflc  a6rien,  zone  terrcslre  A  traflc  adrlen  falble  ou 
Important). 

Cos  premiers  rdsultats  devront  Atrc  confirm^!  sur  les  donntfes  rccuclllies  lors  des  prochalns  vols. 


CONCLUSIONS 

Comptc  tenu  do  I'automatisatlon  dc  plus  en  plus  important  des  postes  dc  pilotage  ct  dc 
('augmentation  dc  la  dur<te  des  vols,  te  probtome  du  maintien  du  niveau  de  vigilance  des  pilotes  dc  vols 
long-courriers  consiituc  un  des  problAmes  csscntlels.  L'autrc  point  important  reside  dans  la  detection  dc  ccs 
balsscs  de  vigilance  au  cours  du  vol. 

Dans  le  but  de  determiner  les  different*  factcurs  susceptible*  d'lnfluonccr  le  niveau  de  vigilance,  une 
6tudc  a  entreprise  dans  des  conditions  rdelles  de  voi. 

Lc  rccucll  des  paramfrtres  physiologiques  ainsl  quo  1‘observallon  de  1‘actlvlld  ei  de  I'envlronnement 
des  pilotes  sur  des  vols  long-courriers  a  pcrmls,  lors  de  cello  premlfcre  6tape,  de  mellre  en  Evidence  les 
points  sulvants ; 

-  les  p£riodes  d'hypovlgllance  apparalsscnt  en  majority  lors  du  vol  dc  eroisifcre  au  cours  duquel  I’acllvlto 
de  I'cquipage  est  faiblc, 

-  la  diminution  des  communications  ei  I'apparilion  de  p6riodes  de  silence  coincident  avec  I'apparltion  de 
balsses  de  vigilance, 

-  sur  le  vol  transm&idlcn  fitudic  les  balsses  de  vigilance  sont  plus  nombreuses  lors  du  vol  retour  en  raison 
des  privations  de  sommeil  et  de  la  fatigue  provoqu&s  par  la  rotation. 

La  seconde  6tape  de  colic  recherche  se  dlroulc  aciucllcmenl.  Ellc  porle  sur  50  vols  long-courrlcrs 
avec  notamment  des  vols  de  Irfes  longue  durde  <14  A  16  heures)  sur  D747-400.  L'analyse  des  donndcs  sera 
centres  sur  ('identification  des  phases  d’hypovlgllance,  la  rdpclitlvild  de  cts  phases,  leur  interaction 
avec  les  tAchcs  ct  les  activitds  des  pilotes  ainsi  que  sur  I'effct  cumulatif  de  la  monotonic,  du  "jet  lag-  el  de 
la  privation  dc  sommeil. 

Les  rdsultats  atlendus  dovraient  permettro  d’dtablir  des  recommandations  relatives  aux  horn  I  res  et 
A  ^organisation  du  travail  des  equipages.  Par  cxemple,  des  sommeils  de  courte  durdc  avec  une  periodicity 
ct  une  durdc  A  dcflnir  pourralent  Otre  proposes  dans  le  but  dc  mainlcnir  I'cfficicnce  de  chaque  membre  de 
I'cquipage. 
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ABSTRACT 


Multichannel  (polygraohic)  analysis  of  cardiovascular  and  neurophysiological  pa¬ 
rameters  provides  very  sensitive  indicators  of  the  functional  state  of  subject* 
such  as  pilots  during  real  or  simulated  flight  missions  which  thus  can  be  ob¬ 
jectively  assessed  (refs.  7.  6,  9  ). 


In  6  subjects  (officer  pilots  of  the  Luftwaffe  and  of  the  Canadian  Air  Force) 
flying  a  fighter  jet  simulator  with  ALPHA  JET  dynamic  characteristics  without 
self  motion,  systolic  and  diastolic  blood  pressure,  four  channel  electroencepha¬ 
logram  (EEG).  the  eleetrooculogrem  CEOG)  and  the  electrocardiogram  ( EGG)  were 
continuously  recorded  during  a  rest  -  aotlvity  -  rest  sequence  of  60  min  durati¬ 
on.  The  activities  consisted  of  tracking  another  plane  flying  ahead  of  the  pil¬ 
oted  plane  with  four  different  degrees  of  difficulty. 


The  analysis  of  the  data,  especially  those  of  the  EEG  by  Fast  Fourier  Transfor¬ 
mation  (FFT),  revealed  task  dependent,  and  in  case  of  the  EEG.  topographically 
different  cartleal  activities  depending  upon  whether  sehsorv  and/or  motor  sys¬ 
tems  were  involved. 


The  physiological  measures  thus  obtained  can  serve  as  an  objective  criterion  to 
assess  the  functional  state  of  pilots  and  moy  serve  -  especially  if  only  an  int¬ 
erval  of  the  ordor  of  seconds  betwoen  data  acquisition  and  data  analysis  is  ach¬ 
ieved  -  as  Part  of  an  automatic  safety  network  not  only  in  the  event  of  sudden 
loss  of  consciousness  but  also  in  cases  of  lowered  pilot  vigilance  due  to  fatig¬ 
ue. 


In  cooperation  with  the  Flight  Simulation  Laboratory  of  Dormer  GmbH. 

Supported  by  Irtsoektion  des  Soni toot swesen*  der  Bundeswehr  ( In San  I  C5S7-V-6JA9) 
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introduction 

The  Invest  teat  Ion  of  GEO  changes  due  to  oilat  stresses  in  flight  or  flight-rel¬ 
ated  environment  dates  back  to  the  eloneering  studies  of  sem-JACOBSEN  (1*559), 
AOEY  (1963).  SIMONS  and  9URCH  (1963)  and  other*. 

We  presented  in  197B  result*  of  computer  aided  eleotroeneephslogranhie  assess¬ 
ment*  of  functional  brain  state*  investigated  in  the  laboratory  (ref.  6)  and 
some  years  later  preliminary  results  of  inflight  EEC  studies  on  pilots  during 
different  flight  maneuvers  (ref.  7,  9).  Quite  recently  we  investigated  a  new 
ant ihl staminic  drug  in  a  flight  simulator  environment  (ref.  a)  in  order  to  ev¬ 
aluate  the  reported  absence  of  unwanted  side  effects  such  as  sedation  endanger¬ 
ing  the  manual  control  of  aircraft. 

In  this  paper  investigations  on  military  pilots  performing  tracking  tasks  with 
different  degrees  of  difficulty  in  a  fighter  plane  simulator  are  presented. 

This  study  was  planned  In  order  to  establish  sets  of  neurophysiologic  baseline 
data  for  future  Inflight  studies  under  various  conditions  which  negatively 
influence  vigilance  and  control  capabilities  of  Pilots. 


a)  Subjects 


METHODS 


Six  military  pilots  with  a  flying  experience  of  at  least  1200  flight  hours 
participated  in  this  study. 


The  subjects  were  recruited  from  a  Luftwaffe  wing  operating  Phantom  reconnais- 
sanoe  aircraft.  They  were  informed  about  the  purpose  of  the  investigation. 

Free  consent  was  obtained. 


No  formal  neurological  examination  of  the  subjects  was  performed,  but  all  were 
well  known  to  their  flight  physician  and  in  bona  fide  good  health  according  to 
the  regular  medical  examinations  reauired  of  military  pilots. 


b)  Design  of  the  study 

After  briefing  and  f ami  1 iar iiat ion  with  the  Alpha  Jet  flight  simulator  each 
subject  made  two  simulator  flights  (Series  A  and  B).  The  second  flight  was  one 
day  after  the  first  flight  and  at  appro, imately  at  the  same  hour  of  the  day 
in  order  to  exclude  possible  circadian  biological  rhythm  effects. 


The  EKG,  EOG,  systolic  and  diastolic  blood  pressure  was  recorded. 

Four  channels  of  longitudinal  Dipolor  EEL  were  recorded  according  the  10  -  20 
system!  F3  -  C3  (Si),  P3  -  01  (*2>,  F4  -  CA  1*3).  and  P4  -  02  (»u).  Filter  set 
ting  for  upper  freouency  30  Hz,  time  constant  for  lower  frequency  0.1  s. 

The  EEG,  EKG  and  E0G>  signals  were  stored  on  an  Fn  instrumental  cassette  data 
recorder  T£AC  HR-30E. 

Signal  deterioration  or  loss  due  to  external  noise  (a  flight  simulator  environ 
went  is  no  Faraday  cage),  movement  or  myograohic  artifac  s  .  and  technical 
failures  of  the  battery  operated  signal  amplifiers  required  visual  inspection 
and  discarding  of  all  unusable  data  during  playback  of  the  original  data  after 
the  experimental  series.  This  resulted  In  a  signal  loss  ,f  appro,.  20  V  of  the 
original  data. 

The  EEG  was  analyzed  off-line  in  4 -sec end  segments  using  on  FFT  algorvthm. 
Computed  were  amplitude  spe.trs.  Numerical  value;  of  absolute  uncsllbrstvci 
amplitude  in  the  freauenev  range  from  0.5  to  *2  Hz  and  relative  (\l  values  of 
the  frequency  bands  delta  (0.30  to  3.73  Hz),  theta  la. 06  It.  7.75  mz  I ,  aloha 
(8.00  to  13.75  Hz  I  ,  beta  l  (la. 00  to  22.7*,  Hz  I  .  beta  2  (25.00  to  12.00  Hz), 
and  the  dimensionless  ratio  cheto/aloho  were  computed  f>-  sin  ti.e  suectra. 


c)  Gtatistlcs 

Parametric,  and  nonparametr  ic  statistics  of  the  EEG  ociupl^ .  wa;  pc-,-  r..rm.;.j. 


Fig.  i  View  of  the  experimental  setup.  Alpha-Jet  fighter  simulator  with 
subject  having  EEG  electrodes  and  arm  cuff  attached  is  shown. 

In  the  foreground  parts  of  the  biomedical  eouipment  is  seen. 


Subjects 

Code 

Rank , 

at 

1  Flight 

(Series 

A) 

nd 

2  Flight 

( Series 

B) 

PI 

Hptm. 

23.02. 1988 « 

09:07 

(40’  ) 

24.02. 1988, 

,  08:51 

(39’  ) 

P2 

Hotm. 

23.02. 1988, 

10:55 

(38’  ) 

24.02. 1988, 

,  10:12 

(40’  ) 

P3 

Olt. 

23.02. 1988, 

12:42 

(45’  ) 

24.02. 1988, 

,  11:35 

(36’  ) 

P4 

Hptm. 

29.03. 1988, 

09:30 

(40’  ) 

30.03. 1988, 

,  09:40 

(37’  ) 

PS 

Capt . 

29.03. 1988, 

10:46 

(37’  ) 

30.03. 1988, 

,  10:47 

(33’  ) 

PS 

Olt. 

29.03. 1988, 

11:59 

(39’  1 

30.03. 1988, 

,  11:59 

( 33'  T 

avg.  flight 

duration 

40’*/- 

3’ 

36  *  + / - 

3’ 

Tab.  1  Schedule  of  the  experiments.  All  subjects  by  rank  and  initial. 

dotes  and  hours  fin  brackets  duration  of  experiment}  of  first 
and  second  simulator  flight  are  listed. 


Best  Available  Copy 


RESULTS 


The  results  of  the  cardiovaaoular  and  oculomotor  Invest Igat ions  will  be  present 
ed  in  a  separate  report  which  Is  in  preparation.  The  most  Interesting  results 
have  been  obtained  from  the  electroenoebhaloerebhic  investigations  which  are 
reported  here, 

An  example  of  the  FFT  EEC  data  is  given  in  Fig.  2. 

As  seen  in  Fig.  2  which  displays  the  amplitude  spectra  of  subject  PI  ( seoond 
flidhc  on  24  February  1968)  the  physiological ly  dominant  activity  during 
rest  in  the  alpha  band  Is  markedly  reduced  during  the  four  simulated  flight 
conditions.  This  effect  is  due  to  the  oortical  activation  which  results  In 
a  desynchronization  of  the  EEO  activities  . 

In  addition,  during  the  simulated  flight  conditions  spectral  components  ap¬ 
pear  in  the  delta  band  (mainly  due  to  movement  artifacts)  and  in  the  beta 
bands  (mainly  due  to  mvograbhic  artifacts). 

Since  tne  adjacent  freouency  bands  to  the  alpha  band,  namely  theta  and  beta  1 
ore  relatively  Invariant  to  movement  and  myographic  artifacts  Plots  of  the 
data  of  all  subjects,  all  channels,  and  oil  conditions  are  given  in  Fig.  8 
(Plot  talpno  vs,  Athetel  and  in  Fig.  4  (Plot  Aaioha  vs.  Abeta  1)  respect¬ 
ively. 

These  plots  display  character ist lc  dlstribut ions  of  the  data  in  which  e.g. 
individual  subjects  can  be  localized.  Individual  character 1 st ic  EEG  patterns 
are  well  known  to  EEG  analysts.  In  the  way  they  are  plotted  here  In  a  two 
parameter  plane  they  can  be  easily  recognized. 


A  two-dimensional  Plot  of  the  averages  of  the  different  conditions  investig¬ 
ated  Is  shown  in  Fig.  5  .  Clearly,  the  activity  cluster  of  the  four  simulat¬ 
ion  tasks  Is  separated  from  the  prior  rest  and  subseauent  rest  conditions. 

A  blou-UD  of  the  distribution  of  only  the  four  simulation  tasks  is  blotted 
In  Fig.  6.  as  can  be  3een,  simulation  tasks  2  and  3  are  much  alike  according 
their-  \olono  vs  Athete  parameters,  tosk  1  is  located  between  the  simulation 
task  4  and  the  simulations  tasks  doublet  2  and  3. 

The  arrangement  of  the  different  tasks  In  the  primary  orthogonal  AalDho  vs 
Atheta  clone  as  depleted  in  the  orimary  gr J o  (..,.)  Is  also  shown  In  a  sec- 
cond  and  rotated  orthogonal  grid  i-.-.  !  which  taxes  into  account  the  negat¬ 
ive  i  fit  ercorre  i  o  1 1  on  of  the  Atheta  with  the  \alpi.a  values. 

This  arrangement  of  the  four  simulation  tasks  in  the  Valoha  vs.  Atheta  plane 
as  depicted  In  Figs.  I.  and  b  vere.  however .  computed  from  all  the  four  EEG 
channels  combined. 

Fig.  7  presents  each  of  tne  four  ECO  channels  separately.  Mere  the  differ¬ 
ences  between  the  the  simulation  tasks  1.  2.  3  and  4  ore  computed  for  the 
Aalpha  band  of  the  EEG. 

The  two  occipital  GEO  channels  show  a  c  lean  increase  in  desvnct.ron  1  zo  t  1  on 
due  to  Increasing  occipital  act  i  vat  lot-  by  trie  simulation  tasks  2.  3.  and  4. 

The  motor  channels  show  aulte  a  different  pattern.  I ne  largest  amount  of 
deavnchro.nt  zat  1  on  is  seen  here  already  in  the  first  simulation  tai.1  . 

During  simulation  tasks  2  and  3  there  is  less  desvnchr.vn  i  zat  i  on.  This  can  te 
physiological  1 y  tiClaliwg  as  a  motor  adaptation  of  the  subjects  to  tne  Mm- 
ulotion  tasks  performed  with  less  cort icoi  motor  activation  in  the  seouence 
1-2-3.  a  1  ni  u  1  at  ion  task  4  reouired  again  a  motor  cortex  actlvflt  .  -*n  conip- 
oroble  with  simulation  task  2  irrespective  of  this  adaptation  orocess. 

Interestingly,  these  effects  were  more  pronounced  In  channel  Hi  than  in  chan¬ 
nel  H3.  Glnce  the  control  stick  was  moved  by  the  right  hands  of  the  allots 
these  effects  ore  expected  to  he  more  pronounced  In  the  contralateral  left 
cortical  hemisphere  due  to  afferent  and  efferent  crossing  of  nerve  fibers. 


so 
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Flo,  3  Di str ibut ion  of  the  data  of  all  subject#,  all  conditions  and  all 
channels  in  the  SALPHA  vs  STHETA  olane.  Subject  Pfc  is  marked. 
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Fig.  t  Distribution  of  the  data  of  all  subjects,  all  conditions  and  all 

channels  in  the  %ALPHA  vs  \BETA  1  olane.  Some  subjects  are  marked. 
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Fig.  7  Cortical  regional  average  changes  of  all  subjects  In  the  \Al_PHA 
band,  Only  task  conditions  l.  2.  5,  and  a  are  shown. 


DISCUSSION 

As  mentioned  in  the  introductory  chapter  the  usefulness  and  potentiality  of 
electroeneephalographle  methods  in  aviation  and  space  medicine  have  been 
demonstrated  by  SEh-JACOBSEN  (1959),  ADEY  (1963).  SIMONS  and  BURCH  (1963) 
(refs.  1,  11,  12). 

Our  group  has  been  Investigat ing  by  computer-aided  EEG  analyses  functional 
brain  states  under  various  conditions  (ref.  6)  which  by  improving  our  meth¬ 
ods  have  been  extended  to  invest lgat ions  under  inflight  (refs.  7,  9,  10) 
and  simulated  flight  (ref.  6)  conditions. 

The  results  reported  in  this  paper  extend  our  earlier  investigations  of  task 
dependent  activation  patterns  mainly  of  the  occipital  cortex  (ref.  9)  to  the 
somesthetic  and  motor  cortex  and  implement  our  earlier  observations  (ref.  7) 
during  manual  control. 

Attempts  to  investigate  cortical  potential  changes  associated  with  hand 
movements  were  first  reported  in  detail  by  Bates  (1951). 

Quite  recently  Cooper  et  al  (1989)  studied  during  a  16  sec  smooth  pursuit 
tracking  task  slow  waves  In  the  EEG  which  were  found  to  be  correlated  with 
target  velocity  and  having  their  maximum  at  the  vertex. 

In  our  study  the  pursuit  tracking  tasks  were  more  complicated  ones  and 
close  to  flight  reality.  The  EEG  parameters  indicated  also  motor  adaptation 
processes  of  the  pilots  to  the  simulated  tasks.  This  effect  was  limited  to 
the  sensorimotor  cortex  contra  1  a t era  1  to  the  stick's  controlling  right  hand. 
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SUMMARY 

Tha  real -time  determination  of  pilot  mental  and  phyaloal  atatua  la  a  critical  ftatur*  of  cha 
workload  monitoring  and  "Klndwara"  aubiyataai  that  hava  bean  anvlalonad  for  future  jet  aircraft.  Recent 
laboratory  and  simulator  atudlea,  ualng  retrorpaetlve  data  analyaea,  have  euggeated  the  value  of  varloua 
behavioral  and  physiological  Indices  for  reflecting  task  performance.  The  purpose  of  the  preaent  work 
waa  to  develop  software  algorithms  to  derive  tone  of  these  measures  of  Interest  In  reel-tine  end  to 
develop  e  teet-bed  In  which  to  eaplore  the  efftcecy  of  these  measures  for  Inferring  operetlonelly 
relevant  chengee  In  pilot  etatua.  Such  a  teet-bed  ehould  prove  useful  In  eupporting  future  etudlea  of 
dynamic  declilon-aldlng  and  task  partitioning  batwean  tha  pilot  end  on-board  automation. 

The  preaent  project  demonstrated  the  feasibility  end  ueefulnese  ot  this  approach.  Data  procaealng 
algorithms  wars  developed  for  characterising  and  Integrating  physiological  Indices  based  on  heart-rate 
end  heart-rate  variability  (vagal  tone),  eye  blinks,  end  single- trial ,  scalp- recorded  event-reletad 
potentials.  These  physiological  manures  were  obtained  concurrently  with  behavioral  maaeuraa  at 
eubjacta  performed  a  PC-based,  aviation  alonilaclon  task  (Utndow/PANES) ,  The  data  proceeding  algorithms 
ware  lop  1 teen ted  In  a  distributed  procaealng  configuration,  ualng  multiple  personal  computers,  with  the 
derived  Measures  being  Integrated  by  a  "Decision-Maker"  processor.  This  multi -processor  teet-bed  was 
demonstrated  to  work  In  near  real-time  (with  lege  of  five  to  ten  seconds),  and  attained  encouraging 
levels  of  accuracy  In  characterizing  the  physiological  phenomena  of  Interest.  Mao  encouraging  were 
preliminary  efforts  to  define  decision  rules,  cuatomlzed  fot  Individual  subjects,  that  reflected  a 
sensitivity  of  the  measures  derived  In  "real-time"  to  manipulations  of  task  difficulty. 


IRIROIWCTION 

Tha  real-tine  determination  of  pilot  mental  end  physical  status  is  a  critical  feature  of  the 
workload  monitoring  and  "Mtndwara"  subsystems  that  have  been  envisioned  for  future  fighter  aircraft,  as 
well  as  the  "Safety  NetWork"  addressed  by  the  present  conference.  This  requirement  is  based  on  the  fact 
chat  Che  huaen  pilot  has  certain  mental  capabilities  for  pattern  recognition  end  declslnn-maklng  that 
are  net  yet  achievable  by  artificial  Intelligence.  Therefore,  given  sufficient  cognitive  capacity  on 
the  part  of  the  pilot,  many  "higher  level"  functions  in  tha  control  of  complex  systems  are  best  left  to 
Cha  human  operator,  However,  on-board  automation  capabilities  have  advanced  to  the  point  that,  if  the 
human  operator  is  debilitated  either  physically  or  mentally,  due  to  cognitive  overload,  fatigue, 
illness,  or  injury,  it  is  preferable  for  certain  functions  to  be  taken  over  by  automated  subsystems. 
The  picture  that  emerges  for  future  man-machine  interfaces  in  many  systems  is.  therefore,  one  of  tasks 
being  dynamically  traded  off  between  men  and  machine,  depending  on  the  moment -tQ -moment  demands  of  the 
task  environment  end  the  functionality  of  the  human  operator.  In  order  to  realize  such  dynamic  control 
scenarios,  on-board  systems  must  be  provided  with  Information  about  the  mental  status  of  the  human 
operator  in  real-time. 

Recent  Laboratory  and  simulator  studies,  using  retrospective  data  analyses,  have  suggested  the  value 
of  various  behavioral  and  physiological  indices  for  reflecting  task  performance.  Behavioral  measures 
typically  Involve  some  aspect  of  response  speed  and  accuracy,  and  may  be  logged  separately  for  multiple 
taaka  being  performed  concurrently.  The  physiological  indices  that  have  proven  moat  sensitive  to 
cognitive  task  manipulations  include  heart  rata  and  heart  rate  variability  derived  from  the 
electrocardiogram  (ECU)  (e.g.,  see  l),  aye  blink  frequency  and  duration  derived  from  the 
electrooculogram  (EOG)  (e.g.,  nee  2),  and  scalp-recorded  event ■ related  potential  (ERF)  amplitude  and 
latency  derived  from  the  electroencephalogram  (EEC)  (e.g.,  see  3).  These  Indices  can  bo  obtained 
unobtrusively,  without  burdening  tha  pilot  with  contrived  secondary  tasks  or  subjective  ratings  (4),  and 
progress  is  being  made  in  the  development  of  hardware  that  will  allow  these  indices  to  be  faithfully 
transduced  and  recorded  In-flight  (see  5).  However,  there  has  not  been  e  great  deal  of  work  on  software 
algorithms  that  would  allow  these  measures  of  interest  to  be  derived  in  reel-time  (or  near  real-time), 
nor  In  exploring  the  implications  of  attempting  to  use  such  derived  measures  for  dynamic  decision-aiding 
or  talk  partitioning  between  pilot  end  on-board  automation. 

Tha  goal  of  the  work  reported  here  waa  to  demonstrate  the  feasibility  of  monitoring,  in  real-time, 
tha  mental  status  of  tha  operator  In  a  multi -task  man- machine  control  aystom,  using  a  combination  of 
behavioral  and  physiological  measures.  In  order  to  do  this,  a  teat -bad  waa  developed  within  which 
multiple  behavioral  and  physiological  measures  can  be  concurrently  obtained  end  processed  In  real-time, 
aa  an  experimental  subject  performs  a  simulated  aviation  taak.  Tha  scope  of  cha  project  under  which 
this  work  waa  conducted  did  not  allow  a  major  syetem  development  effort.  Thus  the  present  test-bed  was 
configured  ualng  existing  hardware  ••  e  number  of  IBH-compatlble  personal  computers  (PCs)  with 
commercially  available  plug-ln  boards  to  accomplish  snalog  to  digital  (A-to-D)  conversion,  digital 
inpuc/output  (t/0),  and  aarial  communications.  The  focus  was  on  the  development  of  real-time  algorithms 
for  processing  tha  physiological  indices  of  interest  in  order  to  obtein  useful  derived  measures  in  near 
real-time,  end  on  the  development  of  software  to  integrate  these  measures  and  allow  the  system 
supervisor  (l.e.,  tha  experimenter)  to  interactively  apply  decision  rules  co  these  derived  measures. 
~he  specific  research  objectives  were  as  follows: 

o  Develop  real-time  versions  of  several  existing  data  analysis  algorithms  (for  quantifying  eye  bllnke 
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( com  £00  and  cognitive  event-related  potential*  from  EEC), 
o  Adapt  uii'idow/PAMES  aviation  (Imitation  for  th*  present  t*it-b«d. 

o  Develop  "decision-making"  software  ts  poll  and  Integrata  tha  varloua  bahavloral  and  phyalologlcal 
Indicia  balng  computed  In  rail- time. 

o  Conattuct  a  working  tiit-bad  configuration  ualng  existing  hardware  and  ayataa  software. 

o  Collect  preliminary  data  to  validate  the  usefulness  of  this  teat-bad  and  to  derive  "flrat-eut" 

daclalon  rulee  for  delineating  operator  "Mental  atatua*. 

o  Formulate  plana  for  future  uaaa  and  development  of  thla  technology. 

Initial  validation  of  thla  teat-bed  involved  an  examination  of  the  sensitivity  ->f  the  real-time 
algorlttuea  to  menlpulaclona  of  the  phyelologlcal  elgnela,  both  tlmuleted  and  actual.  i..«n  preliminary 
lnveatlgatlona  were  conducted  to  demonstrate  the  ueefulneas  of  the  teet-bed  epproech.  Appropriate 

perimeters  for  the  pattern  recognition  algorithms  (EOC,  EftPs,  and  "decision  rules")  wets  determined  by 

conventional  analyse*  of  the  data  collected  ns  a  subject  performed  the  aviation  task  during  a  "training 
sat"  saaalon.  These  parameters  were  then  applied  in  reel-time  to  the  data  collected  from  the  same 

individual  during  a  subsequent  "cast  ear"  session.  The  objective  during  the  "teat  eats"  wee  to 

determine  how  accurately  known  task  manipulations  of  cognitive  workload  could  be  Inferred  from 
combinations  of  the  derived  real-time  measures, 

Tha  focus  of  the  present  report  will  be  to  provide  a  description  of  the  teat-bed  configuration  and  a 
qualitative  summary  of  the  testing  completed  to-dete.  The  Intent  Is  to  demonstrste  the  feasibility  of 
thla  approach  and  Us  potential  usefulness.  In  that  spirit,  some  potential  future  directions  of  this 
research  ere  sUo  suggested. 


OVERVIEW  OF  TUB  TEST-BED 

Figure  1  provldee  e  schematic  of  the  mul tl -processor  test-bed  thet  was  configured  for  the  present 
development  effort.  A  PC-based,  low-fidelity  aviation  simulation  waa  used  as  the  task  environment.  The 
taeke  involved  here  Included  psychoaotor  tracking,  choice  reaction  time  to  occasional  transient  stimuli, 
snd  monitoring  the  level  of  gauges  which  indicated  system  status.  Teak  difficulty  and,  by  Inference, 
mental  Workload,  was  manipulated  aya  tematlcal  ly ,  as  subjects  performed  In  this  multiple- task 
environment.  The  aviation  simulation  yielded  behavioral  measures  of  primary  task  performsnee  (root-mean 
squared  tracking  error)  end  secondary  task  performance  (choice  reaction- time  and  accuracy  of  responsus 
to  the  transient  stimuli  snd  to  the  occurrence  of  abnormal  conditions  Indicated  by  the  gauges). 

Physiological  measures  Included  heart  rate  end  vagal  tone  derived  from  the  ECG,  the  frequency  of 
occurrence,  duration,  end  timing  of  eye  bllnka  derived  from  the  EOU,  and  the  amplitude  and  latency  of 
aeverel  endogenous  components  of  the  scalp-recorded  ERPs  derived  from  the  EEC.  A  distributed  processing 
approach  was  Implemented  whereby  e  separate  PC  processed  each  type  of  physiological  signal.  The 
resulting  derived  measures  were  conveyed,  by  serial  communications,  from  these  individual  processors  to 
a  "Decision -Maker"  processor.  The  Deds lon-Makar  polled  end  stored  these  Incoming  date  end  implemented 
some  simple  pattern  recognition  algorithms  to  allow  the  triggering  o[  "cautions  end  warnings’  when 
certain  measures  exceeded  pre-selected  set-points.  The  Decision-Maker  also  provided  an  Interface  for 
the  experimenter  to  Interactively  control  which  derived  measuree  or  trends  were  displayed  at  a  given 
time  end  what  decision  criteria  set-points  were  in  effect.  A  separate  PC  served  ae  e  scrolling  display 
of  the  Incoming  EEC  and  EOG  channel*  end  stored  these  raw  date  on  disk  fot  retrospective  analyses. 


TASK  ENVIRONMENT 

As  a  cask  environment  for  the  present  test-bed,  a  low-fidelity  eviction  simulation  vea  chosen.  This 
PC-baned  simulation,  celled  Vindow/PANES  (Workload/PerformANcE*  end  -Simulation)  wee  developed  by  the 
Rotorcraft  Human  Factors  Research  Branch  sc  NASA  Ames  Research  Center  (Ms.  Sandra  Hart,  Manager). 
Ulndow/PANES  provldee  an  environment  lr  which  multiple,  concurrent  discrete  end  continuous  tasks  can  be 
presented.  Although  the  displays  represent  the  flight  charecterletlcs  of  a  light  aircraft,  no  knowledge 
of  flying  is  neceseery  for  a  subject  to  learn  how  to  perform  the  tesk.  The  software  is  nicely  designed 
to  support  the  experimenter  In  developing  scenarios,  to  log  performance  end  task  condition  data  to  dlek 
In  real-time  as  the  aubject  performs  the  scenario,  end  to  support  the  experimenter's  retrospective 
analysis  of  the  date. 

The  display  presented  on  the  PC  screen  has  four  fixed  windows:  (1)  e  graphic  dllplay  of  commanded 
and  current  speed,  heading,  and  altLcude  presented  In  a  "heading -up"  orientation;  (2)  a  north-up  map 
which  can  depict  geographical  features,  the  flight  path,  tha  aircraft’s  position  on  the  flight  path,  and 
additional  information  addad  for  experimental  purposes;  (3)  one,  two,  three,  or  four  gauges  presented  In 
analog  or  digital  form  that  can  be  labelled  end  iceled  according  to  experimenter-defined  specifications: 
and  (A)  an  area  In  which  alphanumeric  message*  can  be  displayed.  These  message*  can  ba  used  to  instruct 
or  inform  tha  subject  about  the  scenario,  or  they  can  be  used  to  present  stimuli  In  the  context  of  * 
secondary  (or  tertiary)  taek,  In  order  to  provide  additional  measure*  of  performance.  Th*  content  of 
alphanumeric  messages,  gauges,  end  objects  on  the  map  can  ba  either  related  to  or  Independent  of  the 
prlmery  manual  control  cask.  A  response  box  providing  for  the  subject's  inputs  contains  e  two-axis 
Joystick  (fort/aft:  altitude,  right/left:  heading),  *  vertical  slid*  potentiometer  (fore/eft:  speed)  end 
reeponae  buttons  that  can  be  assigned  different  meanings  depending  on  the  structure  of  *  particular 
scenario. 

The  behavior  of  all  aspects  of  the  display  and  task  that  era  not  under  the  subject’s  control  ere 
dependent  on  a  script  file  which  specifies  th*  commended  flight  path,  the  significance  end  dynamics  of 
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Figure  1  --  A  schematic  overview  of  the  test -bed  system  configuration  The  hardware  components  for  each 
subsystem.  which  In  most  cases  is  a  separate  IBM-compatible  PC,  are  shown  In  the  boxes.  The  functions 
of  each  subsystem  are  shown  on  the  left  side  of  che  figure  and  the  derived  measures  that  are  transmitted 
by  each  subsystem  to  the  Decision-Maker  are  shown  on  the  right.  The  directions  in  which  Information 
flows  through  the  testbed  ate  Indicated  by  the  arrows. 


each  gauge,  che  appearance  of  alphanumeric  Information,  and  the  discrete  responses  anticipated  from  the 
subject.  Script  files  are  prepared  by  the  experimenter  In  advance  and  are  not  modified  by  the  subject's 
responses  during  a  flight.  Data  flies  which  combine  the  "condition"  lnformac lo:i  In  the  script  file  with 
the  subject's  performance  (speed  and  accuracy  of  responding)  are  logged  to  disk  at  regular  Intervals  for 
retrospective  analyses. 

Ue  found  the  Wlndow/PANES  task  environment  to  be  extremely  flexible,  readily  usable,  and 
well-configured  for  the  present  research  purposes.  Figure  2  Illustrates  the  Information  flow  through 
the  "Task  Driver"  Processor  In  the  test-bed,  on  which  the  Wlndow/PANES  software  was  run.  The  behavioral 
performance  meaaures  cf  Interest  (tracking  error,  response  time  and  accuracy  for  discrete  stimuli  and 
abnormal  gauge  changes)  were  captured  as  they  became  available,  time- scamped,  and  then  output 
periodically  via  a  serial  port  for  use  as  one  set  of  inputs  to  the  Decision-Maker.  A  digital  output 
signal  was  sent  to  the  individual  data  processors  in  the  test-bed  In  order  to  provide  a  common  time 
marker  for  the  start  of  che  scenario.  Analog  output  signals  (D-to-A)  were  sent  to  che  EltP  and  EOC 
processors  to  code  the  occurrence  of  a  task- relevant  event  (stimulus)  of  interest. 


ROC  PROCESSOR 

A  Delta-Biometrics  Vagal  Tone  Monitor  (VTM)  was  used  as  che  ECC  processor.  This  Is  a  commercially 
available  system  that  calculates  heart  rate  and  vagal  tone  from  an  ECC  signal.  Vagal  tone  refers  to  a 
derived  measure  of  heart-rate  variability  that  quantifies  respiratory  sinus  arrhythmia  and  which  avoids 
some  of  the  statistical ly  untenable  assumptions  of  power  spectral  analyses  applied  to  ECC 
Lnter-beat • Interval  (tBl)  data  (sea  6).  Vagal  tone  appears  to  be  quite  sensitive  to  fluctuations  In 
attention  and  cogtiltlvo  load  (e.g.,  7,  and  unpublished  data  of  our  own).  Figure  )  Illustrates  the 
information  flow  through  the  ECG  Processor  In  our  test-bed.  The  VTM  vas  configured  to  run  In  Its 
ten-second  turn-around  mode.  Thus,  It  took  ten  seconds  of  amplified  ECG  from  chest  electrodes,  screened 
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Figure  2  -  -  Information  flow  through  tho  Task  Driver  Processor. 


it  for  artifact,  detected  tho  R-waves  In  the  ECG,  calculated  lots,  detrended  the  1BI  time  aeries  to 
filter  out  frequencies  unrelated  to  respiratory  sinus  arrhythmia,  end  calculated  heart  rate  and  vagal 
tone  from  this  corrected  time  sirlci.  These  derived  measures,  along  with  u  time-stamp,  were  output 
(approximately  once  every  ten  seconds)  over  a  serial  interface  for  use  as  nnocher  sec  of  inpucs  to  the 
Decision-Maker 


EOC  PROCESSOR 

EOC  was  amplified  by  conventional  means  from  sices  above  and  below  one  eye.  Figure  U  Illustrates 
the  Inform--! — ■  flow  through  -hr  F.FG  Processor  !n  ocr  tost-bed.  Five  second  segments  of  ongoing  EOC 
were  processed  In  a  double  buffering  scheme.  As  one  live-second  period  of  data  was  digitized  and  stored 
In  direct  access  memory,  the  preceding  five-second’s  worth  of  data  was  processed.  The  buffer  to  he 
processed  was  digitally  filtered  and  Chen  subjected  cc  an  algorithm  that  applied  various 
experimenter-defined  criteria  to  detect  Che  occurrence  of  s  blink  These  criteria  Involved  segments  of 
the  EOC  waveform  that  rose  and  fell  by  a  pre-determlned  voltage  within  a  pre-determlned  time  period. 
Once  a  blink  had  been  detected,  it  was  t Ime • s tsmped  relative  to  the  digital  pulse  received  from  the  Task 
Driver  at  the  beginning  of  the  scenario,  its  duration  was  estimated  from  rhe  rise  and  fall  times  that 
were  detected  by  the  pattern  recognition  routine,  and  the  latency  of  Us  peak  was  determined  relative  to 
the  last  analog  event-marker  received  from  the  Task  Driver  These  derived  measures  were  output 
asynchronously  (l.e.,  only  after  a  blink  had  been  d-tected)  over  a  serial  Interface  for  use  as  another 
set  of  Inputs  to  the  Dec Islon-Haker , 


ERP  PROCESSOR 

EEC  was  amplified  by  conventional  means  from  four  scalp  sites  (Fz,  Cz,  Pz,  and  Oz  In  the 
International  Ten-Twenty  System).  Of  prlmniy  Interest  were  several  endogenous  components  of  the  ERP  -- 
the  N200,  PJOO,  and  Slow  Wave,  all  of  which  have  been  shown  to  reflect  cognitive  processing  Csee  8). 
Approaches  for  extracting  ERPs  from  the  ongoing  EEC  had  been  explored  on  a  previous  project  (unpublished 
as  yet)  and  the  usefulness  of  the  Vector  Filter  developed  by  Crstton,  et  al.  (9,  10)  was  confirmed.  For 
the  present  feasibility  demonstration,  It  was  assumed  that  tho  timing  of  the  eliciting  stimuli  were 
known  to  the  data  processing  system.  Thus  the  present  ERP  components  were  extracted  from  ongoing  EEC  by 
applying  a  relatively  simple  search  algorithm  to  an  appropriately  filtered  segment  of  multi  channel  EEC, 
time- locked  to  the  events  of  Interest  that  occurred  on  the  Task  Driver. 
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figure  3  ••  information  flow  through  the  ECG/Vagal  Tone  Processor. 


Figure  5  Illustrates  the  Information  flow  through  the  ERP  Processor  In  our  test-bed.  The  ERP 
Processor  functioned  analogously  to  the  COG  Processor,  except  that  Instead  of  searching  the  Incoming 
flue-second  buffers  for  blinks.  It  searched  the  event-marker  channel  for  the  occurrence  of  an  event  of 
Interest.  Having  found  one.  It  tine-stamped  the  occurrence  relative  to  the  digital  signal  received  from 
the  Task  Driver  at  the  beginning  of  the  scenario.  The  EEG  was  then  digitally  filtered  and  a  weighted 
combination  of  the  data  across  the  various  scalp  sites  was  derived  for  each  component  of  Interest,  using 
the  Vector  Filter.  Peaka  In  these  weighted  combination  waveforms  were  Identified  within  certain  latency 
epochs,  and  the  peak  amplitudes  and  latencies  were  calculated  These  derived  measures  were  output  ovet 
the  serial  Interface  for  use  as  another  set  of  Inputs  to  the  Decision-Maker. 


decision -maker  processor 

Information  flow  through  the  Decision-Maker  Is  shown  In  Figure  6.  As  mentioned  previously,  the 
Declslon-Meker  received  derived  performance  measures  from  the  Task  Driver,  ECG  Processor,  EOG  Processor, 
and  ERP  Processor,  all  via  serial  communications.  The  Decision-Maker  polled  and  stored  these  Incoming 
data  and  Implemented  some  simple  pattern  recognition  algorithms  to  allow  the  triggering  of  "cautions  and 
warnings"  when  certain  measures  exceeded  pre-selected  set-points.  The  Decision-Maker  also  provided  an 
Interface  for  the  experimenter  to  Interactively  control  which  derived  measures  or  trends  vere  displayed 
at  a  given  time  and  what  decision  criteria  set-points  vere  In  effect.  There  were  two  primary  display 
modes  provided  by  the  Decision-Maker  --  a  "trends"  display  on  which  various  combinations  of  selected 
measures  could  be  called  up,  and  a  "current  status"  display  showing  the  values  of  sll  derived  measures 
at  the  current  "slice"  In  time. 


VALIDATION  OP  ALGORITHMS  AND  EXPERIMENTAL  MANIPULATIONS 

There  ore  several  aspects  to  the  validation  of  the  present  test-bed.  One  aspect  of  validation  has 
to  do  with  the  choice  of  physiological  measures  snd  the  quality  of  the  present  implementation  of  tha 
real-time  analysis  algorithms.  That  Is,  do  the  Indices  chosen  lend  themselves  to  real-time  analysis 
and,  If  so,  do  the  present  algorithms  perform  as  Intended?  Another  aspect  of  validation  has  to  do  with 
the  aensltlvlcy  of  these  measures  to  task  manipulations  presented  In  the  operational  context  of 
Interest.  Are  these  measures,  viewed  In  appropriate  combinations,  sensitive  to  tssk  difficulty 
manipulations  that  affect  performance  In  meaningful  situations?  Finally,  even  If  the  above  questions 
can  be  answered  In  the  affirmative,  there  may  be  an  Issue  regarding  the  usefulness  of  the  test-bed. 
Does  this  test-bed  approach  lend  itself  to  studying  research  Issues  And  aviation  design  problems  that 
could  affect  the  design  of  next  generation  aircraft  or  other  complex  man-machine  systems? 
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The  present  scope  of  work  did  not  allow  a  thorough  examination  of  all  these  Issues,  and  what  tost 
results  have  been  obtained  can  not  be  presented  here  In  any  detail.  However,  as  a  proof -of -concept ,  the 
present  test-bed  Implementation  hi,  proven  to  be  very  encouraging.  The  validation  testing  that  has  been 
conducted  to-da' a  can  be  sumniarlced  as  follows: 

o  The  Window/ PANES  task  difficulty  manipulations  were  effective  In  that  they  were  associated  with 
reliable  changes  In  the  behavioral  measures  examined.  These  behavioral  changes  were  readily 
apparent  when  data  were  averaged  over  several  minute  blocks,  as  in  a  conventional  analysis. 
Moreover,  these  behavioral  trends  were  usually  apparent  In  the  data  transmitted  to  the 
Decision-Maker,  particularly  when  the  task  manipulation  was  a  fairly  dramatic  one. 

o  In  that  the  Vagal  Tone  Honltor  was  used  In  Its  commercially  available  configuration,  which  has  been 
thoroughly  tested  by  the  manufacturer  and  used  by  us  on  previous  projects,  there  was  no  need  to 
validate  the  accuracy  of  Its  output.  However,  an  important  aspect  of  the  present  validation  was  an 
examination  of  the  sxtent  to  which  heart  rate  and  vagal  tono  measures,  based  on  ten-second  segments 
of  ECG  data,  reflected  manipulations  of  the  Vlndow/PANES  task.  While  there  Is  obviously  some 

"noise”  to  be  expected  In  examining  such  short  segments  of  ECG,  the  more  dramatic  task  changes  were 
associated  with  reliable  trends  in  vagal  tone  (l.e.,  an  Inverse  relationship  between  task  difficulty 
and  vagal  tone). 

o  The  EOG  data  processing  algorithm  was  validated  by  examining  Its  performance  with  simulated  EOG  data 

and  by  comparing  the  algorithm's  handling  of  actual  EOG  with  a  retrospective  visual  Inspection  of 

atored  raw  data.  The  derived  EOG  measures  have  proven  to  be  somewhat  sensitive  to  task 
manipulations ,  although  It  Is  expected  that  more  dramatic  changes  would  be  apparent  In  continuous 
performance  scenarios  that  put  a  premium  on  vigilance  and  (the  warding  off  of)  visual  fatigue. 

o  The  ERP  data  processing  algorithm  was  likewise  validated  with  simulated  EEG/ERP  data  and  with 

previously  recorded  data  from  a  standard  "Oddball”  task  (e.g.,  see  6).  The  sblllty  to  extract 
single-trial  estimates  of  ERP  amplitude  and  latency  which  mirror  the  differences  seen  In 
conventional  average  ERP»  has  been  impressive.  However,  the  sensitivity  of  these  waveforms,  whether 
averaged  or  single  trial,  to  eubtle  task  manipulations  in  the  Vlndow/PANES  environment  has  not  biien 
Impressive  to-date.  This  may,  of  course,  be  due  to  the  cask  scenarios  used  thus  . ar . 


•3  The  present  Implementation  of  the  Decision-Maker  has  proven  to  be  very  useful  for  both  monitoring 
the  course  of  data  collection  in  real-time  and  examining  relationships  among  the  various  derived 
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Figure  5  -•  Information  flow  through  Che  ERP  Processor 


measures  retrospectively.  Much  more  remains  to  be  done  In  the  way  of  optimizing  the  decision  rules 
based  on  the  available  derived  measures. 


CONCLUSIONS  AND  FUTURE  DIRECTIONS 

In  most  respects,  the  performance  of  the  present  test-bed  has  been  very  encouraging.  The  validation 
results  obtained  no-date  suggest  Chat  we  now  have  a  reasonable  ability  to  detect  changes  In  the  derived 
measures  of  Interest  "on  the  fly."  The  test-bed  ran  successfully  In  near  "real-time"  -■  l  e.,  with  Jags 
of  approximately  five  seconds  in  the  E*X;  and  ERP  measures,  a  lag  of  approximately  ten  seconds  Ln  the  ECC 
measures,  and  a  lag  of  approximately  one  second  in  the  behavioral  measures.  No  serious  attempt  has  yet 
been  made  to  optimize  the  buffer  lengths  that  underlie  these  lags,  and  Lt  Is  expected  that  significant 
reductions  will  be  possible  In  these  turn-around  times.  Of  course,  the  approximation  to  real-time  that 
la  achievable  will  be  highly  dependent  on  the  speed  of  the  processors  on  which  the  algorithms  are 
Implemented.  The  usefulness  of  the  present  combination  of  measures  was  suggested  by  an  encouraging 
ability  to  infer  changes  in  task  difficulty  of  the  Wlndov/PANES  task.  This  inference  ability  has  thus 
far  only  been  examined  with  parameters  for  the  various  pattern  recognition  algorithms  being  tailored  to 
the  individual  subject  (not  an  unreasonable  constraint  in  systems  that  will  Se  operated  by  a  relatively 
small  group  of  highly  trained  specialists).  Furthermore,  the  initial  testing  conducted  to-date  has 
concentrated  only  on  rather  dramatic  manipulations  in  task  difficulty. 

Much  more  needs  to  be  done  In  examining  the  performance  of  this  test-bed  and  in  optimizing  the 
parameters  used  in  the  pattern  recognition  algorithms  and  decision  rules.  However,  the  present 
implementation  has  confirmed  the  feasibility  of  the  approach  and  suggested  the  usefulness  of  the 
test-bed  for  future  research  on  dynamic  man-machine  interactions.  Potential  future  directions  for  the 
use  of  this  test  bed  include  the  following: 

o  Further  validation  of  the  usefulness  of  the  present  behavioral  and  physiological  measures.  These 
efforts  should  Include  additional  systematic  collection  of  empirical  data,  as  well  as  more 
fine-grained  manipulations  in  task  difficulty  And  subject  stetus  (e.g.,  sleep  deprivation,  drug 
effects,  continuous  performance  challenges). 

o  Using  the  test-bed  to  develop  effective  decision  rules  for  inferring  operator  mental  status.  This 
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Figure  6  ••  Information  flow  through  the  Decision-Maker  Processor. 


effort  should  explore  Inference  rules  based  on  contingencies  among  the  measures  and  the 
generalltabillty  of  these  rules  within  and  between  teat  subjects. 

o  Integration  of  test-bed  functions  lnco  a  single,  multi-tasking  workstation.  This  Integration  effort 
should  Include  attempts  to  optlmlte  the  real-time  algorithms  and  an  exploration  of  alternative 
designs  for  Implementing  distributed  processing  approaches  that  are  analogous  to  those  achlt-'od  with 
the  present  multi-processor  configuration. 

o  Finally,  a  number  of  uses  are  foreseen  for  the  present  test-bed  In  facilitating  future  research  and 
development  on  the  role  of  the  human  operator  in  automated  and  semi -automated  systems.  The  test-bed 
should  lend  Itself  to  studies  of  "closed- loop"  decision-aiding,  dynamic  man-machine  task  allocation, 
and  computational  approaches  to  recognising  operationally  significant  patterns,  across  time,  In 
multiple  performance  measures. 
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SUMMARY 

This  paper  presents  an  artificial  Intelligence  approach  to  deteetingj*fformance  degradation  and  pilot  IncapacitAtion.  It  discusses  the 
motivations  for  Intelligent  Assistant  Systems  in  such  situations,  The  problem  of  constructing  procedures  Is  shown  to  be  a  very  critical 
issue.  In  particular,  keeping  procedural  experience  In  both  design  and  operation  is  critical.  We  suggest  what  artificial  intelligence  can 
offer  in  (his  direction,  and  present  the  concept  of  Integrated  Human-Machine  Intelligence.  Some  cruclul  problems  induced  by  this 
approach  ore  discussed  in  detail.  Finally,  we  analyze  the  various  roles  that  would  be  shared  by  both  the  pilot  and  the  intelligent 
assistant  system, 


PREFACE 

Human-machine  interaction  is  certainly  one  of  the  “hot"  topics  of  the  last  decade  of  this  century.  Aeronautics  has  been  a  very 
privileged  field  of  investigation  in  this  regard.  This  is  because  end-users,  namely  pilous,  have  been  actively  involved  in  the  progressive 
evolution  of  the  systems  they  control.  The  concept  of  Integrated  Human-Machine  Systems  (IHMSs)  is  clearly  pertinent  in  ueronmiiics. 
Pilots  are  functional  components  of  aviation  systems,  contributing  to  the  overall  performance  of  the  system. 

The  need  for  mote  and  mote  performance,  reliability,  and  accuracy  in  modem  missions  increased  the  automation  und  pushed  pilots' 
limitations  towards  their  extreme  boundaries.  In  the  near  future,  a  pilot  wilt  have  to  share  intelligence.  Obviously,  machine  intelligence 
will  not  be  comparable  to  human  intelligence.  However,  it  will  take  cure  of  a  lot  of  tasks  which  were  originally  allocated  to  pilots. 
Humans  and  machines  will  have  to  share  responsibilities  and  perform  complementary  tasks.  Machines  are  very  good  at  performing 
routine  tasks.  However,  since  it  is  difficult  to  design  machines  that  can  handle  unexpwted  situations,  humans  will  remain  in  the 
control  loop.  But,  if  humans  remain  in  the  control  loop,  they  will  still  be  subject  to  performance  degradation  (in  particular,  making 
errors)  and  incapacitation. 

An  1HMS  cun  be  viewed  as  a  multi-agent  interactive  system.  In  this  paper,  we  present  a  description  of  the  various  types  of 
interactions  in  such  systems.  But  what  happens  when  an  agent  fails  ?  If  one  of  them  (human  or  machine)  fails,  could  we  assume  that 
the  other  will  maintain  the  sufety  of  the  whole  system  in  a  reasonable  way  ?  Probabilities  of  failure  per  flight  hour  are  very  small  for 
present  aircraft  (lower  than  10' ').  Certification  criteria  are  more  and  more  severe.  However,  in  military  missions,  when  an  aircraft  is 
in  a  diificult  situation,  c.g.,  low  altitude  flight  in  enemy  territory  or  attacked  by  the  enemy  army,  it  may  huppen  that  the  machine  fails. 
In  this  case,  is  there  a  “good"  recovery  procedure  ?  Manual  control  is  generally  excluded.  Furthermore,  there  is  no  computer  able  to 
carry  out  on-line  reasoning  taking  into  uccoum  situations  not  identified  in  advance,  which  will  be  able  to  provide  a  solution  in  real¬ 
time.  The  only  possibility  is  to  recall  typical  (analogous)  cases  already  tested  and  recorded  during  previous  simulations  or  real  flights. 
These  recovery  procedures  could  be  implemented  in  cooperation  with  pilots.  Humans  are  most  likely  to  fail  for  various  reasons  due  to 
unconsciousness,  excessive  workload,  stress  etc.  In  this  case  again,  previously  stored  procedures  are  still  the  most  realistic  solution. 
These  procedures  can  be  used  either  to  monitor  and  "understand"  what  the  pilot  is  doing  (prevention),  or  to'  provide  an  active  aid  in 
case  ot  performance  degradation  or  pilot  incapacitation  (recovery). 

Intelligent  assistant  systems  (IASs)  constitute  a  class  of  computer  programs  (Boy,  1990a)  that  can  guide  uccess  to,  and  apply 
procedures  derived  from  experience,  and  can  assist  in  the  formation  of  new  procedures  through  reasoning  by  analogy,  They  are 
knowledge-intensive  sources  for  intelligent  assistance,  designed  to  mediate  interactions  with  the  machine  and  perform  some  of  the 
required  intelligent  functions.  The  primary  goals  of  this  paper  are  to  (1)  present  the  state  of  the  art  of  JASs  in  aerospace  systems.  (2) 
determine  factors  necessary  to  advance  the  state  of  the  urt,  (3)  reveal  research  and  real-world  applications  needs  as  well  as 
opportunities  for  the  future,  and  (4)  form  an  interdisciplinary  core  of  physicians,  physiologists,  computer  Bnd  cognitive  scientists, 
engineers  and  designers  for  future  communication  and  cooperation  on  IHMS. 


I.  MOTIVATION  FOR  INTELLIGENT  ASSISTANT  SYSTEMS 

Both  industry  and  government  researchers  in  aerospace  are  in  agreement  with  the  emphasis  that  artificial  intelligence  (Al)  can  be 
viewed  as  a  technical  base  with  great  potential  to  enhance  productivity  and  safety,  and  help  them  cope  with  the  demands  of 
increasingly  complex  technology  and  high  workload. 

A  special  kind  of  AI  system  is  emerging  which  specifically  recognizes  the  design  constraints  inherent  in  the  cooperation  of  humans 
and  Ai-based  aids  (Boy,  1987),  This  kind  of  system  has  been  called  either  an  Operator  Assistant  system  or  an  Operator  Associate 
system  depending  on  the  level  of  autonomy  it  has.  At  the  workshop  on  "integrated  Human-Machine  Intelligence  in  Aerospace 
Systems"  (Shalin  &  Boy.  1989)  held  during  the  1989  International  joint  Conference  on  Artificial  Intelligence,  it  was  concluded  that  a 
better  nan*  might  be  "Intelligent  Assistant  System",  However  much  work  remains  for  realizing  the  Intelligent  Assistant  concept. 
Intuitive  models  of  operator  performance  will  not  be  sufficient.  The  necessary  models  will  require  multidisciplinary  research  in  human 
perception  and  reasoning  not  obtainable  within  the  narrow  framework  of  the  present  state-of-the-art  in  computer  science.  They  are 
likely  to  require  the  full  range  of  disciplines  represented  by  the  participants  at  this  NATO  Symposium.  Furthermore,  many  major 
government  and  Industry  funding  sources  have  recognized  the  challenge  of  building  intelligent  assistants,  as  evidenced  by  the  support 
for  various  national  "Pilot  Associate"  programs. 

This  paper  propose  an  alternative  approach  to  automation  in  slightly  degraded  as  well  as  extreme  situations.  According  to  this 
alternative,  human  beings  take  on  the  role  of  task  designers  or  perhaps  remote  monitors,  while  automated  systems  with  some  problem 
solving  capability  become  actors  on  the  environment  also.  Thus,  human  beings  will  not  be  the  only  problem  solvers.  They  will  coexist 
with  artificial  intelligent  agents  on  a  cooperative  basis.  This  cooperative  relationship  is  based  on  the  construction  and  use  of 
procedures. 
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2.  WHAT  ARTIFICIAL  INTELLIGENCE  HAS  TO  OFFER 

A  current  engineering  Idee  ii  to  create  a  system  which  supports  the  human  operator  In  performing  the  task  rather  than  to  model  and 
then  automate  human  cognitive  processes.  Abbott  (1989)  Identified  three  categories  of  use  of  Al  in  IHMSs.  The  first  is  the  use  of  AI 
in  the  automation  of  a  particular  task,  such  as  onboard  monitoring,  windshear  detection,  or  retrieval  of  a  recovery  procedure  in  time. 
Al  methods  and  tools  can  be  very  effective  for  these  tasks  because  they  involve  heuristic  reasoning,  search  through  large  information 
spaces,  and  reasoning  about  physical  systems  In  operation.  In  this  case  Al  is  used  not  because  It  mimics  the  human's  thought 
processes  but  because  it  is  the  most  appropriate  tool  for  the  Job. 

The  second  category  mentioned  by  Abbott  Involves  the  control  of  multiple  onboard  systems.  In  situations  where  time  is  critical,  Al 
can  improve  the  efficiency  of  some  computations  and  even  the  organization  and  coordination  of  several  compulations.  Al  systems  can 
Insure  that  the  high  priority  computations  are  completed  In  time.  The  IAS  architecture  should  support  temporal  and  nonmonotonic 
reasoning,  interrupt  handling,  methods  for  handling  noisy  data,  and  trend  analysis. 

The  thin!  category  concerns  interfaces  between  the  aircraft  and  the  pilot,  if  we  want  to  get  adaptive  interfaces,  they  constantly  need 
lo  assess  the  situation  and  the  pilot's  current  needs  In  order  to  provide  the  appropriate  information  in  an  appropriate  manner. 

in  ihe  specific  case  of  extreme  flight  situations,  our  contribution  focuses  on  (i)  Iterative  procedure  acquisition,  and  (2)  reasoning  by 
analogy.  The  design  of  procedures  Is  currently  based  not  only  on  the  design  rationale  but  also  on  pilots  requirements  and  suggestions. 
Al  can  provide  mote,  automation  of  this  process  of  designing  procedures.  In  the  first  place,  design  rationale  and  alternatives  con  be 
captured  during  we  aircraft  design  proces'.  A  similar  approach  has  been  token  for  the  design  of  the  Space  Station  Freedom  (Boose  et 
al.,  1990).  The  way  this  kind  of  knowledge  is  used  afterwards  depends  on  the  tasks  requiring  it.  Even  if  such  documentation  is  very 
rich,  there  are  'good"  ways  to  search  In  it  to  retrieve  appropriate  Information,  Some  Al  techniques  are  very  appropriate  to  tackle  and 
partially  solve  these  problems  of  search  in  large  databases.  Procedures  are  also  built  from  such  design  knowledge.  If  this  knowledge 
is  more  easily  accessible,  then  It  will  be  easier  to  build  procedures.  Building  procedures  is  an  iterative  process  with  pilots  continually 
giving  criticisms  and  recommendations  for  belter  procedures.  One  of  the  main  tasks  assigned  to  operations  engineers  involved  in 
procedure  writing  is  to  modify  already  existing  procedures  from  such  recommendations,  The  underlying  process  is  analogy.  Faced 
with  a  new  event,  a  pilot  tries  to  match  this  event  to  the  description  of  an  existing  procedure,  lie  will  try  to  use  the  available  procedure 
us  much  us  he  cun,  but  will  then  have  to  use  other  knowledge,  generallv  common  sense  knowledge.  Procedures  are  upgraded  by 
operations  engineers  In  the  same  way.  They  take  anecdotes  from  the  pilots  on  situations  and  try  to  modify  exisdng  procedures  to 
include  the  corresponding  situations  in  their  descriptions.  If  this  process  of  procedure  management  and  maintenance  is  systematized 
and  handle  by  computers,  it  will  be  possible  to  generate  more  appropriate  procedures  in  more  extensive  situations.  This  iterative 
pax-css  will  lead  to  preservation  of  operational  knowledge,  and  generalize  some  situations  and  their  attached  recovery  procedures.  A 
method  has  been  proposed  to  handle  such  a  procedure  acquisition  process  (Boy,  1990b).  Obviously,  this  approach  contributes  to 
better  handling  of  extreme  situations.  This  is  because  more  recovery  possibilities  will  be  provided  and  available  onboard.  They  can  be 
tested  both  in  simulation  and  real  flights.  Their  tests  will  improve  them  and  generate  new  cases,  and  then  new  procedures.  The 
decision  to  automate  procedure  execution  is  a  difficult  business  and  we  will  leave  It  for  the  discussion. 


3.  TOWARDS  A  CONCEPT  OF  INTEGRATED  HUMAN-MACHINE  INTELLIGENCE 

Work  has  already  been  done  to  tackle  the  difficult  problem  of  real-time  "intelligent"  process  control  (Lusk  ct  al.,  1983;  Moore  ct  al., 
1984).  This  paper  presents  a  more  formal  approach  to  IASs.  Safety  requirements  and  human  error  problems  lead  to  the  definition  of 
three  possible  kinds  of  IASs:  (1)  Interactive  systems  to  tolerate  human  errors  (Amuibcrti,  1986;  Norman.  1981;  Roscoe,  1980)  in 
standard  situations,  (2)  workload  relief  systems  in  standard  situations  with  high  workload,  and  (3)  interactive  aids  for  problem 
solving  in  abnormal  situations  with  high  workload  (Amalberti,  1986).  The  first  and  second  types  can  easily  be  Implemented  using 
classical  programming  systems  or  "conventional"  expert  systems.  The  third  type  stresses  the  need  for  a  deeper  description  of  both 
design  and  operational  knowledge.  This  research  effort  should  lead  to  an  appropriate  architecture  for  such  IAS.  This  paper  focuses  on 
this  third  type. 

A  model  called  SRAR  (Situation  Recognition  and  Analytical  Reasoning)  has  been  already  developed  for  representing  human 
problem  solving  in  dynamic  and  interactive  environments  (Boy,  1987).  This  model  was  derived  from  experimental  results  on  a 
diagnosis  assistant  system  developed  at  NASA  (Boy,  1986)  and  a  previous  research  effort  on  commercial  aircraft  certification  (Boy, 
1983).  Our  model  is  an  alternative  to  Gcncsereth  (1982)  and  Clancey  (1984)  models  for  tackling  the  difficult  problem  of  integrated 
human-machine  intelligence  (1HMI),  i.e.,  a  model  based  on  a  knowledge  representation  appropriate  to  the  implementation  of  the 
SRAR  model.  This  representation  is  called  block  representation,  it  was  designed  to  improve  operational  knowledge  acqulsmon  and 
extend  previous  work  on  procedure  representation  (Georgeff  &  Lansky,  1986) 

II1MI  design  can  be  seen  as  (1)  parsing  the  operator's  actions  in  order  to  understand  what  he  is  doing,  and  (2)  providing  him  with 
the  appropriate  level  of  information  and  proposing  appropriate  actions  or  procedures  for  him  to  execute.  The  overall  underlying  model 
is  presented  in  figure  1 .  Arrows  represent  information  flows.  This  model  includes  two  loops;  ( I)  a  short  term  supervisory  control 
loop,  and  (2)  a  long  term  evaluation  loop.  The  technical  domain  knowledge  base  includes  descriptions  of  various  objects  relevant  and 
necessary  in  the  domain  of  expertise.  The  operational  knowledge  base  includes  available  procedures  necessary  to  handle  various 
already-encountered  environmental  situations.  The  knowledge  acquisition  knowledge  base  includes  what  is  necessary  to  know  for 
upgrading  operational  procedures. 


4.  ISSUES  IN  INTELLIGENT  ASSISTANT  SYSTEMS 

As  the  main  goal  is  to  design  and  iteratively  refine  procedures,  there  are  some  issues  inherent  in  this  approach  which  have  to  be 
discussed.  Do  we  need  cognitive  models  to  build  and  refine  these  procedures  ?  The  application  of  such  procedures  will  depend  on 
their  undersUtndability  ana  thus  user  interfaces  become  critical.  How  can  we  carry  out  the  knowledge  acquisition  process  ?  Is  there  a 
belter  way  to  represent  procedures  ?  What  kind  of  issues  arc  raised  by  intelligent  assistant  architectures  ?  Al  techniques  have  been 
implemented  on  very  academic  problem  so  far.  Are  they  robust  enough  to  handle  real-world  applications  like  the  ones  we  are 
discussing  ? 

4.1.  Cognitive  Models,  Knowledge  Acquisition  and  Representation 

The  goal  is  not  to  design  cognitive  models  for  building  human  clones,  but:  (1)  to  understand  human- Al  systems  interaction.  (2)  use 
operator  models  in  system  design,  e.g.,  designing  intent  recognition  mechanisms  (Ocddcs,  1985,  1986;  Shalin  et  al..  1988),  and  (3) 
design  user  interfaces  with  Al-systems.  The  users  of  a  specific  intelligent  assistant  system  for  an  aerospace  application  may  not  ail 
share  the  implicit  model  of  expertise  that  has  been  incorporated  into  the  system.  Many  domains,  such  as  tactical  warfare,  are  rife  with 
individual  differences  because  of  the  lack  of  a  standardized  procedure  below  a  certain  level  of  analysis.  These  differences  could  have  u 
major'impact  on  the  knowledge  base  of  ihe  intelligent  assistant  system.  This  compounds  the  knowledge  acquisition  problem,  and 
indicates  the  need  for  automated  knowledge  acquisition.  These  differences  may  impact  the  functionality  of  the  system,  for  example, 
the  depth  of  explanation,  user  monitoring,  and  instruction  required. 


OBSERVED 

RESULTS 


Figure  I.  An  Integrated  Human-Machine  Intelligence  matlel 


Knowledge  acquisition,  that  is  eliciting  the  expert's  knowledge  about  the  task  domain,  is  generally  accepted  as  a  significant 
bottleneck  in  system  development.  Knowledge  is.  however  crucial  to  the  success  of  IASs.  An  1  AS  will  not  discover  new  knowledge 
by  itself  in  real-time  real-world  situations.  And  even  If  some  Ai  scientists  argue  that  discovery  can  be  handled  by  some  artificial 
intelligence  systems,  these  system  have  to  be  guided  and  "interpreted'1  by  the  scientists  themselves.  This  is  clearly  not  currently 
possible  in  high  wotidoad  situations  where  the  time-pressure  is  great  Thus,  acceptable  systems  are  limited  to  a  particular  class: 
procedural  systems.  By  procedural,  we  mean  systems  that  are  based  on  explicit  procedures,  eventually  using  some  very  well- 
structured  declarative  knowledge.  The  problem  in  critical  situations  Is  not  to  build  procedures  from  scratch,  but  to  use  procedures 
already  tested  and  adapted  to  the  current  situation.  The  artificial  intelligence  problem  is  then  to  collect  these  procedures,  and  to  refine 
them  incrementally  with  experience.  The  real  problem  is  to  capture  both  design  knowledge  and  user  knowledge  to  build  the  most 
adapted  procedures.  These  procedures  are  initially  appropriate  in  particular  situations,  but  alter  several  simulations  or  reul  missions 
they  can  be  classified  into  more  general  classes  of  situations.  Knowledge  acquisition  will  consist  of  following  the  IHMS  from  its 
design  to  its  everyday  use.  We  view  knowledge  acquisition  as  an  incremental  process  (sometimes  a  trial  and  error  process)  improving 
both  the  domain  knowledge  accumulated  through  experiments  and  the  meta-knowiedge  useful  for  elicitating  and  ratifying  this 
knowledge.  Furthermore,  we  claim  that  the  activity  of  knowledge  acquisition  cun  provide  important  insights  towards  u  possible  theory 
of  cognition. 

In  all  cases,  it  seems  that  goals  (and  sub-goals),  plans  (i.e..  procedures),  and  situations  (or  events  or  states)  are  the  three  most 
common  ingredients  of  the  knowledge  representation  currently  in  use.  The  expression  "situated  actions"  has  been  the  focus  of  recent 
AI  contributions  (Suchman.  19K7-,  Drummond,  1989).  However,  if  the  word  "context"  is  always  a  major  concern,  very  few 
convincing  definitions  of  it  have  been  explicitly  given.  Time  and  exceptions  (abnormal  conditions)  are  also  major  concerns  in  the 
knowledge  representation  issue  of  IHMS  research.  They  are  leading  to  investigations  in  the  representation  of  uncertainty,  imprecision, 
and  incompleteness. 

4.2.  Compatibility  of  An  Intelligent  Assistant  System  with  the  Pilot 

As  already  noted,  at  present  1HM1  research  is  dominated  by  procedural  tasks  to  be  performed  on  engineered  systems  in  non- 
deterministic  environments.  Though  controversial,  a  need  for  compatibility  with  the  pilot  has  potentially  far-reaching  consequences  on 
the  system  inputs/outputs  and  processing  (Shalin  &  Boy,  1989). 

InputsiOutputs  (Commui..'s'is>n)  Compatibility — Certain  task  environments  (e.g.,  weightlessness,  high  O's.  protective  gear, 
high  workload)  restrict  human  input,  such  as  text  typing.  This  kind  of  environment  is  ripe  for  intelligent  interfaces  endowed  with 
user  intent  recognition.  There  is  also  concern  for  cognitive  compatibility.  This  is  evidenced  by  the  development  of 
communication  languages  that  are  adequate  for  the  task  and  correspond  to  human  reasoning  about  the  task  domain.  A  final 
consideration  of  man-machine  communication  is  system  output,  In  particular  explanation  facilities  are  often  controversial.  In 
aircraft  cockpit,  for  example,  explanation  should  be  reduced  to  a  minimum,  especially  when  the  controi  frequency  is  very  high. 

This  does  not  mean  that  explanation  should  be  absent,  the  cockpit  must  be  self-explanatory  at  each  instant  and  include  very 
polysemic  displays. 

Processing  Compatibility— The  need  for  incremental  development,  and  possibly  incremental  modification  suggests  a  requirement  for 
compatibility  at  the  level  of  processing,  so  that  users  cun  provide  direct  feedback  on  system  functionality.  To  enhance  user 
confidence,  processing  might  include  standard  human  capabilities,  such  as  reasoning  about  the  consequences  of  its  recommendations. 
An  additional  consideration  for  processing  compatibility  is  user  awareness  of  the  boundaries  of  system  reliability.  Any  automation  in 
reactive  environments  may  require  systems  to  be  straightforward  extensions  of  the  operator’s  perceptual  and  cognitive  abilities,  as 
there  is  simply  not  enough  time  for  any  extensive  on-line  analysis  of  the  system  by  the  user. 

Peal-time  AI—  The  real-time  AI  issue  deals  not  only  with  the  computation  speed,  but  also  with  resource  allocation,  cooperation,  and 
procedure  interruption.  As  the  data  is  uncertain,  imprecise  and  incomplete,  the  integration  of  nonmonotonic  logic  in  an  intelligent 
assistant  system  is  critical.  This  integration  should  be  done  pragmatically  and  incrementally  refined  by  experimentation.  Discussions 
on  this  issue  lead  to  four  possible  software  architectural  tools:  conventional  programming  will  still  be  useful,  e.g.,  for  implementation 
of  microscopic  details;  blackboard  architectures  are  useful  for  implementing  cooperative  and  opportunistic  interaction  (Nii,  1986): 
agents  architectures  (us  extensions  of  object-oriented  languages)  will  be  interesting  for  multi-agent  cooperation  when  internal  models 
of  the  various  utterers  are  available  (e.g.,  in  intent  recognition);  hypermedia  (Conklin,  1987)  provide  explicit  external  representation  of 
various  agents  able  to  interact  between  each  other  (i.e.,  message  passing), 

Knowledge-Based  System  Validation— The  state-of-the-art  in  expert  system  validation  techniques  is  not  very  well  advanced  at 
present.  Methodologies  have  to  be  designed,  developed  and  tested.  Like  knowtedge  acquisition,  validation  is  an  incremental  process. 
Moreover,  knowledge  acquisition  and  validation  can  be.  seen  as  twin  processes  in  knowledge-based  system  design.  Certainly, 
inclusion  of  potential  end-users  in  the  design  loop  is  one  of  the  best  solutions  for  incremental  validation.  The  validation  of  knowledge- 
based  systems  might  be  compared  to  the  certification  of  airplanes,  at  least  in  terms  of  complexity. 
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4.3.  Real-World  Applications  and  the  Automation  Issue 

The  present  field  of  investigation  is  experimental.  Theoretical  knowledge  representations  are  not  coming  from  pure  introspection,  but 
from  experience  in  the  domain  and  from  experimental  protocols.  Application  domains  are  picked  in  real-world  environments  and 
focus  on  the  decision  making,  diagnosis,  planning  and  control  of  engineered  systems.  They  ate  generally  bounded  and  procedure- 
driven,  For  these  reasons,  current  research  issues  ate  concerned  with  undetermlnstic  deviations  around  procedures  (deterministic 
blocks  of  knowledge).  At  this  point,  the  most  Important  difficulty  is  related  to  situation  assessment.  Humans  are  good  situation 
assessors  when  they  ate  really  In  the  control  loop.  However,  it  Is  very  difficult  to  elicit  their  situation  assessment  mechanisms  and 
strategies.  They  get  very  sophisticated  situation  patterns  by  experience.  Machine  learning  (Kodratoff,  1 989)  research  provides  a  set  of 
techniques  which  can  be  uskl  for  re-CTeating  such  patterns  by  experimentation.  As  far  as  situation  assessment  is  concerned  (both  by  a 
human  operator  and  an  intelligent  assistant  system),  the  main  difficulty  in  Intelligent  assistance  is  summarised  by  the  three  following 
Issues:  (1)  When  has  Information  lo  be  presented  ?  (2)  What  content  should  it  Include  ?  (3)  What  formal  does  it  require  ? 

Experience  in  real-world  applications  should  provide  a  taxonomy  of  knowledge  processing  activities  from  the  design  activity  to 
operations.  As  already  discussed,  from  the  difference  in  types  of  explanation  required  in  different  activities,  it  follows  that  the  types  of 
recommendations  given  to  operators  or  designers  arc  quite  different.  The  problem  comes  when  the  level  of  investigation  changes, 
e.g.,  when  on  operator  following  religiously  a  set  of  procedures  will  have  to  investigate  a  new  unexpected  situation  involving  the 
creation  of  appropriate  procedures;  he/she  becomes  a  procedure  designer.  This  is  one  good  reason  why  people  are  still  "controlling  ' 
"fully"  automated  machines,  they  are  unique  in  their  ability  to  handle  unanticipated  situations.  If  a  non-nominal  situation  cun  be 
anticipated,  it  could  be  considered  as  "nominal"  by  a  system  which  knows  it.  Nominal  situations  arc  understood  as  known  in  advance. 
However,  when  an  unanticipated  situation  occurs,  the  operator  must  be  aware  and  understand  what  is  going  on,  i.e  ,  the  Intelligent 
assistant  system  should  not  mask  or  distort  the  real  world.  Ibis  introduces  the  difficult  problem  of  quality  and  safety  constraints. 

Real-world  applications  bring  the  dual  problem  of  training  versus  cognitive  ergonomics.  One  is  concerned  with  the  compliance  of 
the  human  to  the  machine,  and  the  other  one  with  the  compliance  of  the  machine  to  the  human.  If  the  machine  does  not  comply  enough 
then  an  excessive  workload  appears  on  ihc  human  operator  side.  Conversely,  if  the  machine  is  "loo  automated"  (or  autonomous),  the 
human  operator  tends  to  loose  his/her  vigilance.  The  ideal  machine  would  comply  with  or  complement  the  cognitive  capabilities  of  the 
human  opcralor  in  any  situation. 

One  factor  in  human-system  function  allocation  is  the  existence  of  partitionablc  tasks  between  the  two  decision  makers.  In  addition, 
overall  performance  should  be  optimized  by  maintaining  the  best  qualities  of  each  in  the  ullimuie  allocation.  In  domains  such  as 
Tactical  Warfare,  there  may  be  a  need  for  a  dynamic  task  allocation  between  the  human  and  the  system.  Depending  upon  the  context 
and  demands  on  the  operator,  the  system  may  have  more  or  less  authority  in  executing  portions  of  die  task.  Task  allocation  may  in 
addition,  be  affected  by  policy  restrictions  on  modifying  exisung  operations. 

Automation  in  real-world  applications,  such  as  aviation,  has  already  shown  the  real  problem  of  human  errors.  Analyses  of  these 
errors  should  bring  a  new  set  of  recommendations  lor  Iterative  procedure  design  and  maintenance. 

Machines  do  some  things  better  than  humans,  e.g.,  computations.  They  work  on  well-formulated  problems.  They  are  not  inventive. 
Thus,  what  does  A1  bring  in  the  automation  issue  7  Does  A1  bring  new  issues  in  human-Al  system  interaction  7  Certainly,  Al,  by  its 
methods.  Is  beginning  to  support  the  notion  that  fui!  automation  is  no  more  an  issue,  i.e.,  human  operators  huve  to  be  taken  into 
account  during  the  design  process  (human-centered  design)  (Woods  &  Hollnugel.  1987).  An  importanl  issue  raised  by  Al  is  that  there 
is  a  need  for  a  belter  understanding  of  Interactions  between  intelligent  agents  (human  and  machine).  Artificial  intelligence  and  natural 
Intelligence  do  not  match,  but  there  should  be  a  way  for  "good"  cooperation  between  them.  In  particular,  if  one  of  the  actors  is 
"incapacitated",  it  may  happen  in  the  future  that  the  other,  in  general,  will  help  to  recover. 


S.  HOW  WILL  THE  VARIOUS  ROLES  BE  SHARED  ? 

in  intelligent  systems  of  the  future,  artificial  agents  and  human  operators  will  both  perform  intelligent  tasks  in  the  context  of  an 
integrated  system.  Each  has  responsibilities,  requires  access  to  resouaxs,  and  has  particular  knowledge  appropriate  to  tasks.  Some 
tasks  may  be  done  in  parallel,  others  may  require  results  from  tasks  performed  by  other  agents. 

The  balance  of  sharing  in  intelligent  functions  can  be  characterized  as  a  continuum: 

Manual  ^  imnra«ivH  ^  Automated 

in  completely  manual  and  totally  automated  systems,  the  user  and  machine  are  effectively  decoupled.  In  the  intermediate  range,  where 
IHMSs  lie,  the  human  and  artificial  ugents  must  interact  by  communication. 

When  designing  integrated  systems  the  designer  needs  to  consider  the  nature  of  communication  among  the  agents,  human  and 
artificial.  The  type  of  interaction  depends,  in  part,  on  the  knowledge  each  agent  has  of  the  others.  An  agent  infracting  with  another 
agent,  called  a  partner,  can  belong  to  two  classes;  (1)  the  agent  does  not  know  its  partner,  (2)  the  agent  knows  its  partner.  The  second 
class  can  be  decomposed  into  two  sub-elasscs:  (2a)  the  agent  knows  its  partner  indirectly  (using  shared  data  for  instance).  (2b)  the 
agent  knows  its  partner  explicitly  (using  communication  primitives  clearly  understood  by  the  partner).  This  classification  leads  to  three 
relations  between  two  agents  communicating:  (A)  competition,  (B)  cooperation  by  sharing  common  data.  (C)  cooperation  by  direct 
communication. 

In  the  competition  case,  the  agent  is  totally  ignorant  of  the  existence  of  other  agents.  This  can  leati  to  conflicts  for  existing  resources. 
Thus,  it  is  necessary  to  define  a  set  of  synchronisation  rules  for  avoiding  any  problems  of  resource  allocation  between  agents. 
Typically,  these  synchronization  rules  have  to  be  handled  by  a  supervisor.  The  supervisor  can  be  one  of  the  partners  or  un  external 
agent.  Obviously,  if  available  resources  exceed  the  requirements  of  all  the  agents,  conflicts  are  automatically  avoided.  In  the  real 
world,  we  do  not  usually  know  all  these  requirements  and  it  is  impossible  to  create  physical  resources  on  demand. 

In  the  case  of  cooperation  by  sharing  common  data,  the  agent  knows  that  its  partner  exists  because  it  is  aware  of  the  results  of  (at 
least)  some  of  the  partner  s  actions,  Both  of  them  use  a  shared  data  buse.  Agents  use  and  update  this  data  base.  An  example  would 
be  both  agents  noting  ail  their  actions  on  a  blackboard  to  which  each  agent  refers  before  acting.  This  is  no  longer  a  problem  of 
resource  allocation,  but  a  problem  of  sharing  data  which  each  agent  ran  use  as  It  is  entitled  to.  Agents  have  to  cooperate  to  munage  the 
shared  data  base.  This  paradigm  is  called  a  data-oriented  system.  Such  a  system  has  to  control  the  consistency  of  the  shared  data. 
Cooperative  relations  between  agents  do  not  exclude  competitive  relations.  Shared  data  are  generally  supported  by  resources  for  which 
the  corresponding  agents  may  be  competing.  In  this  case,  synchronization  rules  have  to  deal  with  resolution  of  resource  allocation 
conflicts  and  corresponding  data  consistency  checking. 

In  the  previous  cases,  the  interaction  is  always  indirect.  In  the  case  of  cooperating  by  direct  communication,  agents  share  a  common 
goal  ana  a  common  language  expressed  by  messages,  e.g,,  experts  In  the  same  domain  cooperating  to  solve  a  problem. 

Human  operators  do  poorly  at  monitoring  tasks  if  they  are  rot  involved  in  cognitive  activity  related  to  the  system  being  monitored. 
On  the  other  hand,  humans  are  not  as  good  as  machines  at  highly  repetitive,  complex,  or  very  time-critical  tasks.  Thus  a  designer 
must  strike  a  balance  between  total  user  control  and  autonomous  machine  control. 

Sharing  autonomy  between  humans  and  machines  is  very  important  and  poorly  understood.  In  this  section,  we  extend  the  concept 
of  levels  of  automation  introduced  by  Sheridan  ( 1984).  We  will  give  here  a  theoretical  model  of  the  performance  of  a  simple  human- 
machine  system  under  different  levels  of  autonomy  determined  by  different  levels  of  understanding  or  knowledge  about  tne  human- 


machine  system  (figure  2).  The  horizontal  axis  represents  a  continuum  of  levels  of  autonomy  from  "manual  control"  to  "complete 
automation".  The  vertical  axis  represents  the  performance  of  the  human-machine  system.  Performance  could  be  related  to  time, 
precision  of  results,  costs  to  solve  a  given  problem  or  any  heuristic  criterion  appropriate  for  measuring  performance.  Each  curve  of 
figure  2  corresponds  to  a  level  of  knowledge  the  designer  has  about  the  task.  (In  general,  better  designer  knowledge  leads  to  higher 
performance  of  the  designed  system.) 


Figure  2.  Human-Machine  System  Performance  versus  Levels  of  Autonomy  (Boy,  I  VS  ft). 


Following  the  above  model,  the  performance  of  the  human-machine  system  increases  with  the  autonomy  of  the  machine,  but  only 
until  some  optimum,  after  which  it  decreases.  If  the  autonomy  of  the  machine  is  further  increased,  the  human  operator  is  likely  to  lose 
control  of  the  situation.  Note  that  the  level  of  autonomy  can  be  increased  to  a  certain  limit  fixed  by  technological  limitations.  At 
present,  most  engineering  projects  are  developed  on  these  technological  limitations.  I.e.,  machines  are  built  as  well  as  possible  front 
strictly  machine-centered  optimization  criteria.  In  our  approach,  optimization  criteria  are  centered  on  the  end-user/machine 
performance.  Such  an  approach  necessitates  simulations  and  real-world  experimentation.  Human-machine  system  performance  optima 
can  be  shifted  to  the  right  If  human  operators  are  very  well  trained.  Globally,  when  the  level  of  understanding  and  knowledge 
increases,  these  optima  shift  up  and  right.  Finally,  If  everything  is  known  about  the  machine  control  in  its  environment,  then  the 
corresponding  optimum  is  located  on  the  complete  autonomy  limit,  It  has  been  shown  that  searching  for  such  performance  optima  is  a 
good  method  for  acquiring  knowledge  from  experience,  i.e,,  generally  we  jump  from  a  lower  curve  to  a  higher  one  as  we  acquire 
knowledge. 

6.  CONCLUSION 

This  paper  discusses  several  ideas  and  lessons  learned  through  experience  In  the  Human-Machine  Interaction  and  Artificial  Intelligence 
Group  at  ON  FRA/CERT,  and  in  the  Aerospace  Human  Factors  Research  Division  and  the  Intelligent  Assistant  Group  at  NASA  Ames 
Research  Center.  A  critical  test  of  this  research  effort  is  its  utility  In  industrial  applications.  Dialogues  is  currently  implementing  some 
of  these  ideas  in  real-world  situations. 

Can  we  design  new  onboard  capabilities  that  will  improve  the  safety  network  to  detect  performance  degradation  and  pilot 
incapacitation  7  Artificial  intelligence  introduces  new  problems.  In  particular,  the  problem  of  cooperation  between  human  intelligence 
and  machine  Intelligence.  A  new  question  is:  are  we  designing  tools  or  assistants  ?  Will  we  manipulate  physical  devices  or  will  we 
cooperate  with  smart  machines  7  Different  types  of  knowledge  have  to  be  distinguished:  designers,  end-users,  and  maintenance  people 
for  instance.  The  problem  of  constructing  procedures  has  been  shown  to  be  a  very  critical  issue.  In  particular,  it  seems  crucial  that  pust 
experience  in  both  design  and  operation  has  to  be  captured  and  stored,  in  a  corporate  memory  for  instance.  This  will  be  useful  for 
generating  libraries  of  operational  problems,  maintenance,  redesign,  and  even  for  design  of  new  machines.  Design,  simulation,  and 
tests  should  be  integrated. 

Are  we  going  to  cooperate  with  intelligent  assistant  systems  ?  If  the  answer  is  no,  what  do  you  think  the  alternative  would  be  7  If  the 
answer  is  yes,  then  there  is  no  time  to  waste  for  studying  intelligent  human-machine  cooperation. 
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